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ABSTRACT
Regulated protein degradation is crucial in the regulation of many physiological
processes as well as in protein quality control. In all organisms, ranging from bacteria to
mammals, ATP-dependent proteases carry out regulated protein degradation in order to
maintain homeostasis as well as to respond to stress. ATP-dependent proteases are
responsible for the degradation of a broad array of substrates and for that reason, a high degree
of substrate specificity is required in order to target only desired proteins for destruction.
Adaptor proteins can provide ATP-dependent proteases an extra-layer of specificity by binding
and delivering a specific class of substrates, therefore regulating the activity of the protease.
Understanding how adaptor proteins work in combination with their partner protease will provide
a better understanding on how specificity is achieved by these proteolytic machines.
In this thesis, different aspects of the bacterial N-end rule degradation pathway are
examined. The N-end rule is a highly conserved degradation pathway that relates protein
stability to the identity of its N-terminal residue in both prokaryotes and eukaryotes. For
example, in bacteria, Tyr, Phe, Trp, and Leu serve as degradation signals when located at the
N-terminus of a protein. In E. coli, the bacterial adaptor CIpS recognizes these signals and
delivers these substrates to the AAA+ protease CIpAP. Here, we present the first crystal
structure of a bacterial N-end rule adaptor, CIpS, bound to a peptide mimic of an N-end rule
substrate. This structure pioneered the understanding behind the basis of N-end rule recognition
by CIpS. The CIpS structure reveals the adaptor recognizes the peptide a-amino group via
hydrogen bonding and shows that the peptide's N-terminal side chain is buried in a deep
hydrophobic cleft that preexists on the surface of CIpS. We also present here the crystal
structures of CIpS alone and engaged with peptides containing the rest of the primary N-end
degrons (N-terminal phenylalanine, leucine, and tryptophan). These structures, together with the
first structure of CIpS bound to an N-terminal tyrosine, illustrate the molecular basis of
recognition of the complete set of primary N-end rule residues. Moreover, we show that
mutation of critical CIpS contact residues impairs substrate delivery to and degradation by the
AAA+ protease CIpAP.
In addition to the structural studies, the biochemical studies presented here provide a
better understanding on how CIpS and CIpA work together for efficient N-end rule substrate
delivery. Here, we show that substrate binding is enhanced substantially when CIpS binds
ClpA6. Reciprocally, N-end-rule substrates increase CIpS affinity for CIpA6. Some of the features
required for enhanced binding include the substrate N-end residue and the substrate first
peptide bond. It also requires multiple features of CIpS, including a side chain that contacts the
substrate a-amino group and two regions of a flexible N-terminal extension (NTE). We also
show that enhancement in affinity requires the N domain and AAA+ rings of CIpA to be
connected by a sufficiently long linker. One major novel finding uncovered in this thesis is that
the CIpS NTE can be engaged by the CIpA translocation pore, but CIpS resists
unfolding/degradation. We propose a staged-delivery model that illustrates how intimate
contacts between the substrate, adaptor, and protease reprogram specificity and coordinate
handoff from the adaptor to the CIpAP proteolytic machine.
Thesis Supervisor: Tania A. Baker Title: E.C. Whitehead Professor of Biology
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CHAPTER ONE: INTRODUCTION
Overview of ATP-dependent Protein Degradation
Intracellular protein degradation plays a vital role in many cellular processes
including cell division, cell differentiation, and regulation of the stress response
(Neuwald et al., 1999; Gottesman et al., 2003; Hanson et al., 2005). Degradation is an
excellent strategy to rapidly control the cellular levels of proteins that are involved in key
regulatory process. Although fast and efficient, degradation requires to be tightly
controlled in order to target only proteins that are destined for destruction. For example,
in the case of the heat-shock response in E. coli, regulation occurs by controlling the
cellular levels of the heat-shock promoter-specific U32 subunit of RNA polymerase
(Grossman et al., 1984). C32 is rapidly degraded under non-stress conditions, with a half
life of approximately 1 minute (Straus et al., 1987). However, upon stress induction, a32
is stabilized leading to the activation of many genes that are required to cope with the
stress. In this particular case, degradation of 032 under normal conditions prevents it
from accumulating in the cell and from turning on unnecessary genes.
In eukaryotes, degradation is also used as a regulatory tool in many fundamental
cellular processes. One good example is the control of cell cycle progression by the
degradation of cyclins at the appropriate time. Cyclins are proteins that undergo a
continuous cycle of both synthesis and degradation during cell division, activating cyclin
dependent protein kinases (Cdks) by binding directly to them. To transition from one
phase of the cell cycle to the other, Cdks need to be "deactivated" which is achieved by
proteolysis of the cyclin, leading to the exit from a particular phase (Glotzer et al., 1991).
Failure to degrade cyclins leads to the arrest of dividing cells, once again demonstrating
how important regulated proteolysis is in controlling fundamental processes.
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In all organisms, regulated ATP-dependent proteolysis is carried out by large
barrel-shaped assemblies, formed by two functional elements: an ATPase ring member
of the AAA+ protein superfamily and a proteolytic chamber that contains the active sites
where degradation occurs (Figure 1.1, A and B). These protein degradation machines
guarantee that truncated, damaged, or unwanted proteins are eliminated from the cell,
thereby ensuring overall homeostasis of the proteome. With millions of protein
molecules crowding the cytoplasm of both prokaryotic and eukaryotic cells, how do
these enzymes specifically recognize their substrates? Substrate recognition is
sometimes achieved directly by the AAA+ domains of the protease but it can also be
assisted by small accessory proteins called adaptors. In this thesis, we focus on the
CIpS adaptor protein, a substrate modulator of the E. coli AAA+ protease CIpAP. Here,
we present how the CIpS adaptor recognizes a specific class of substrate as well as
work that provides a better understanding on how CIpS and CIpA communicate with
each other to perform protein degradation. Using CIpS and CIpA as a model adaptor-
enzyme pair, we have uncovered new information about the synergistic interaction
between adaptors and their partner AAA+ enzymes that have advanced the
understanding of the mechanism behind adaptor-assisted protein degradation. Overall,
understanding how AAA+ proteins recognize particular substrates as targets for
destruction is essential for understanding their biological function. In the next sections, I
will briefly highlight some aspects of the AAA+ family of enzymes and then I will focus
on the bacterial proteases that are part of this family (such as CIpAP), emphasizing how
these enzymes recognize their substrates and how they use adaptor proteins to
enhance substrate recognition.
Substrate
Active sites \ AAA+ ATPase
Peptidase
Pore
{- Active sites
Figure 1.1. AAA+ proteases share a common architecture. They consist of an
unfoldase belonging to the AAA+ family of proteins and a barrel-shaped protease. The
ATPase component of the protease recruits substrates (pink) for further unfolding and
degradation. A) In eukaryotes, the 26S proteasome is in charge of the bulk of the
regulated intracellular protein degradation whereas in bacteria, B) multiple ATP-
dependent proteases such as CIpAP (shown) performed this task.
The AAA+ superfamily
Members of the AAA+ superfamily include both the Clp/Hsp100 family (Schirmer
et al., 1996) and the AAA family (ATPases associated with a variety of cellular activities)
and have been identified in all kingdoms of life (Beyer et al., 1997, Newald et al., 1999;
Vale et al., 2000). These ATPases are involved in regulating a wide range of cellular
events that ensure the proper functioning and maintenance of the cell during normal
growth as well as under stress conditions. Examples of these AAA+ enzymes include
DNA polymerase clamp loaders, helicases, protein or DNA translocases, and the F1F0
ATP synthase. One subfamily of these AAA+ enzymes are protein unfoldases, involved
in the removal of misfolded or damaged polypeptides. These unfoldases play a critical
role in the protein quality control network (Dougan et al., 2002).
One of the features that characterize members of the AAA+ family is the
possession of a well conserved segment of about 220 amino acids, referred to as a
AAA domain (nucleotide binding domain) which has multiple motifs required for ATP
binding and hydrolysis (Walker A and Walker B motifs). Members of this family of
proteins assemble into higher-order structures and use the energy of ATP hydrolysis to
unfold and in some cases, translocate unfolded polypeptides into a protease (Kirstein et
al., 2009).
AAA+ Proteases in Bacteria
Bacteria contain multiple AAA+ proteases that share a very similar architecture.
For example, in E. coi five different AAA+ proteases exist: ClpXP, CIpAP, HsIUV, FtsH,
and Lon. These enzymes are principally composed of two functional elements: an
unfoldase domain or subunit that is part of the AAA+ family of proteins and a protease
that in some cases is encoded in the same polypeptide as the AAA+ unfoldase (like in
the case of Lon and FtsH). These two components are stacked back-to-back, forming a
compartmentalized structure. Several structural studies of the peptidase components
(like CIpP, Wang et al., 1997 or HsIV, Bochtler et al., 2000) establish that the catalytic
residues of these machines are sequestered inside the chamber and access to these
active sites is restricted (Figure 1.1, B). Thus protein degradation by these
macromolecular machines requires unfolding of the substrate protein by the AAA+
chaperone component to pass through the narrow pore of the peptidase (-10 A) and
enter the catalytic chamber.
The ring-stacking architecture of these proteases is also shared by the major
ATP-dependent protease system in eukaryotes, the 26S proteasome (Figure 1.2, A),
which consists of a 19S cap and the 20S core particle (Pickart et al., 2004). In the
bacterial case, the AAA+ component of the protease is formed by a hexamer of identical
subunits, whereas in the case of the proteasome, the regulatory 19S particle is
composed of two major regions, the lid and the base. The base is formed by six
different AAA+ proteins, which in combination with other factors, are also in charge of
recognizing, unfolding, and translocating protein substrates into the chamber of the
partner peptidase.
E2
Pore
19S
Pore
ATP-ases F
N or C- Terminal
Tag
Unfolded
Substrate
AT hydrolysis
Peptidase
chamber with
enclosed active
sites
Figure
prokaryotes.
1.2. ATP-dependent proteolysis in (A) eukaryotes and (B)
A) In eukaryotes, substrates (pink) are recognized by E3 ligases that, in combination
with E2 ubiquitylating enzymes and El ubiquitin activating enzymes, mediate the
labeling of substrates with Ubiquitin. Polyubiquitynation of the substrate, lead to its
targeting to the 26S proteosome for degradation.
B) In prokaryotes, substrates can be directly recognized by the AAA+ unfoldase via
short peptide sequences located at the N or C terminus of the targeted polypeptide. The
AAA+ enzyme then uses the energy from ATP-hydrolysis to unfold and translocate the
substrate to its partner peptidase for further degradation into small peptides.
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The study of bacterial proteases has provided immense insights into the general
mechanism employed by AAA+ enzymes. Specially, much effort has been dedicated to
understanding how substrate recognition is achieved. In bacteria, the initial recognition
of protein substrates is mediated by the AAA+ ring, which binds to short peptide
sequences encoded in the primary sequence of the targeted protein. Using multiple
rounds of ATP hydrolysis, the ATPase unfolds and translocates the substrates through
its pore and into the protease chamber, where it is then degraded to small peptides
(Figure 1.2, B). In the next section, I will address some examples of bacterial
degradation tags that are required for the targeting of protein substrates for destruction.
Substrate recognition
The irreversible nature of protein degradation makes it important that systems
are in place to impart a high degree of substrate specificity; ensuring only specific
substrates are targeted for degradation. As mentioned earlier, in bacteria substrates are
generally recognized via small peptide sequences encoded in the primary sequence of
the polypeptide that is targeted for degradation (reviewed in Baker and Sauer, 2006).
These short peptide sequences are referred to as degrons and are often located either
at the N or C terminus of a substrate (Figure 1.2, B); a location that may help make
them accessible for recognition by the AAA+ protease (Flynn et al., 2003). In other
cases, degrons are encoded in an internal region of the substrate and exposure of the
degron requires a primary cleavage event or unfolding of the overall secondary
structure of the protein (Neher et al., 2003; Gur et al., 2008).
For example, a very well characterized C-terminal degron is the SsrA-tag, an
eleven amino acid degradation signal (AANDENYALAA for the E. coli sequence) that is
added cotranslationally to truncated polypeptides resulting from stalled translation
(Keiler et al., 1996; Karzai et al., 2000). SsrA-tagged substrates are recognized and
degraded by the AAA+ proteases CIpXP and CIpAP (Gottesman et al., 1998) allowing
the removal of deleterious truncated polypeptides from the cell. Although both ClpXP
and CIpAP can degrade ssrA-tagged substrates, the bulk of the in vivo degradation of
these substrates is performed by ClpXP (Gottesman et al., 1998; Lies et al., 2008).
Moreover, degradation is further enhanced by the adaptor protein SspB which delivers
ssrA-tagged proteins to CIpXP. SspB facilitates the degradation at low protein
concentrations in which the substrates by itself would not bind strongly to the ClpXP
protease.
An example of N-terminal degradation signals are degrons that are part of the
well-conserved N-end rule degradation pathway. The N-end rule degradation pathway
states that the half-life of a protein is determined by the identity of its N-terminal residue
(Bachmair et al., 1986). For example, in E. coli, big hydrophobic residues (Y, F, W) and
leucine (L) serve as degradation signals when located at the N-terminus of a protein
(Figure 1.4, A). N-end rule substrates are degraded by the ClpAP protease (Tobias et
al., 1991) but their recognition is greatly enhanced by the adaptor protein CIpS. CIpS
recognizes and binds N-degrons and specifically delivers them to the CIpAP protease
for degradation (Erbse et al., 2006).
Although degradation signals can be directly recognized by AAA+ proteases, the
use of adaptor proteins can greatly enhance degradation; demonstrating that these
20
accessory proteins clearly play a critical role in controlling proteolysis. For this reason,
understanding the mechanism behind adaptor-assisted substrate delivery as well as
how adaptor proteins have co-evolved with their partner proteases is an important
aspect of solving the complex, overall puzzle of how proteases recognize their
appropriate substrates.
Adaptor proteins provide another layer of substrate specificity for AAA+
proteases
As mentioned in the previous section, adaptor proteins are a novel class of
proteins that exert their effect on their AAA+ partner by binding and delivering a specific
substrate or class of substrates for degradation (Baker et al., 2006; Dougan et al.,
2002). Because AAA+ proteases recognize and degrade a large variety of distinct
proteins, the use of adaptor proteins is a simple but effective way of modulating the
activity of the protease by prioritizing the degradation of a specific protein substrate.
Adaptor proteins usually bind to the N-terminal domains of the AAA+ unfoldase,
which positions them in a good location to handover substrates to the ATPase. This
synergistic interaction between the AAA+ protease complex and its adaptor protein
provides an additional layer of specificity that controls protein degradation by
modulating substrate choice. In the next paragraph, a brief discussion of some adaptor
proteins is presented to emphasize the importance of these small proteins and the
impact they have in the substrate choice of their cognate AAA+ protease.
(a)
substrae-
Tag tii
I'
(b)
Adaplot
I%-) IN
Figure 1.3. Direct Vs Adaptor-mediated substrate recognition
A) Recognition of substrates can be achieved directly by the AAA+ unfoldase. The initial
recognition step requires the presence of a short peptide sequence in the substrate
(tag) that leads to its binding and targeting for destruction.
B) Recognition of substrates can also be assisted by small accessory proteins called
adaptors (purple). Adaptors bind and deliver a specific class of substrates to their
partner AAA+ protease. Figure from Baker and Sauer, 2006.
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Adaptor proteins in E. coli
Only a few adaptor proteins have been identified and characterized in E. coli.
Although they differ in both sequence and structure, all of them work with a specific
unfoldase and enhance the degradation of particular protein substrates. They can
dramatically change the function of an AAA+ protease by influencing substrate choice
and therefore affect intracellular protein degradation.
The SspB Adaptor Protein
E. coli SspB is one of the best characterized adaptor proteins for the ClpXP
protease (Wah et al., 2002; Levchenko et al., 2003; Dougan et al., 2003; Bolon et al.,
2004). CIpXP employs the SspB adaptor to recruit SsrA-tagged substrates. As
mentioned before, CIpXP can recognize and degrade SsrA-tagged proteins on its own,
but in the presence of SspB, degradation of this specific class of substrates is greatly
enhanced (>10 fold). Previous studies have shown that the 11-residue ssrA tag
(sequence AANDENYALAA-CO- 2) contains contiguous binding sites for both the CIpXP
protease and the SspB adaptor (Flynn et al., 2001). Additionally, the crystal structure of
SspB engaged with the ssrA peptide shows that SspB contacts the N-terminal residues
of the ssrA peptide but leaves the C-terminal residues free to bind ClpX (Levchenko et
al., 2003). The adaptor binds to the upstream of the degron (AANDENY) and the
protease binds to the last three residues of the degradation signal (LAA-CO- 2 ) (Flynn et
al., 2001; Levchenko et al., 2003) and this mutual binding is required for the stimulation
of ssrA-tagged substrates. In this specific case, the adaptor "tethers" or brings in close
proximity both the substrate and the protease, thereby accelerating the degradation by
increasing the substrate's local concentration with respect to the ATPase's processing
pore.
The SspB adaptor not only targets ssrA-tagged substrates but also binds to the
C-terminus of the cleaved and released RseA N-domain delivering it to CIpXP for further
degradation (Levchenko et al., 2005). RseA is a key regulator of the extracytoplasmic
stress response by directly binding and inhibiting the transcription factor aE, which is
required to activate the expression of a specific stress regulon (Flynn et al., 2004).
RseA resides in the inner membrane and its cytoplasmic N-terminal domain binds to
and inhibits aE. As a result of induced-stress, RseA undergoes two specific cleavages
that lead to the release of its cytoplasmic N-terminal domain exposing a latent degron in
its new C-terminus. Biochemical and structural studies revealed that SspB forms a
complex with the isolated N-terminal domain fragment of RseA (RseA1-108 ) (Flynn et al.,
2004). Interestingly, the co-crystal structure of SspB bound to its recognition peptide
within RseA revealed that the RseA sequence occupies an overlapping binding pocket
as the ssrA rsequence in SspB but binds in the opposite direction (Levchenko et al.,
2005). What is more important is that, like in the ssrA case, SspB simultaneously binds
the RseA recognition sequence and the CIpXP protease providing another example of
how "tethering" a substrate enhances degradation.
The RssB Adaptor Protein
RssB is the second known adaptor protein for the CIpXP protease, targeting for
degradation the starvation sigma factor (as) during exponential growth (Muffler et al.,
1996). RssB is phosphorylated and this modification increases the affinity of the adaptor
for its target, as (Zhou et al., 2001). In vitro studies have shown CIpXP can degrade as
on its own, however RssB enhances this degradation apparently by bringing in close
proximity (tethering) the substrate for delivery.
The UmuD adaptor protein
UmuD is the third known adaptor protein for the ClpXP protease. E. coli UmuD
preferentially forms a heterodimer with UmuD', which is a truncated variant of the UmuD
protein specifically generated during DNA damage. UmuD' is a component of the DNA
polymerase V, an error-prone polymerase that can bypass DNA lesions that have
resulted from DNA damage. Because of its low fidelity, the intracellular levels of UmuD'
have to be strictly controlled such that it is present only during DNA damage stress. One
way to control the intracellular levels of this protein is by targeting it for degradation by
CIpXP (Neher et al., 2003). UmuD targets UmuD' for degradation by tethering the
smaller protein close to the protease active center. UmuD possesses a CIpX binding
site that is missing from UmuD' and upon UmuD-mediated tethering to the N-domains of
CIpX, only the truncated UmuD' is properly position for degradation (Neher et al., 2003).
The UmuD/D' dimer is another example that shows how simple tethering of the
substrate to the AAA+ protease enhances degradation of a specific substrate.
The CIpS adaptor protein
E. coli CIpS is the only adaptor protein that has been identified for the CIpAP
protease. CIpS and CIpAP are the major components of the well conserved N-end rule
degradation pathway (Erbse et al., 2006; Wang et al., 2008; Roman-Hernandez et al.,
2009). The N-end rule relates the in vivo stability of a protein to the identity of its N-
terminal amino acid. In bacteria, four N-terminal hydrophobic residues: Tyr, Phe, Trp,
and Leu, target proteins for degradation (Tobias et al. 1991). CIpS binds directly to
these signals and delivers N-end rule substrates to the CIpAP protease (Erbse et al.
2006; Hou et al. 2008). In a similar way, a particular family of E3 ubiquitin ligases
recognizes and covalently modifies eukaryotic N-end rule substrates with a polyubiquitin
chain, marking these protein substrates for degradation by the proteasome (reviewed in
Tasaki and Tae Kwon 2007).
The CIpS delivery mechanism requires the protein's long and flexible N-terminal
region. CIpS lacking the N-terminal region can bind both the substrate and CIpA but it is
unable to deliver its cargo for degradation (Hou et al., 2008); thus simple tethering (that
is bringing the substrate close to the enzyme) is not sufficient to enhance N-end rule
substrate degradation. Additional features of the adaptor-mediated delivery mechanism
must therefore be involved.
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Adaptor proteins regulate proteolysis by facilitating the degradation of a particular
substrate or substrate class. Although they deliver different substrates and work with a
specific AAA+ protease, all the well characterized adaptors discussed here share some
common characteristics. They lower the Km of degradation, they make multiple contacts
with the AAA+ unfoldase, and although they are very close to the pore of the enzyme
where unfolding occurs, they themselves are neither unfolded nor degraded. As noted
above, most adaptors work by binding to both the substrate and the AAA+ enzyme,
thereby increasing the local concentration of the "degradation target". For example,
SspB uses its flexible tails to bind CIpX and has also a binding pocket for its substrates.
By making multiple contacts with both CIpX and the substrate, SspB facilitates
degradation by simple tethering, that is, by bringing the substrate in close proximity to
the active center where protein unfolding occurs. The adaptor protein CIpS also makes
multiple contacts with CIpA while bound to N-end rule substrates. However, in the case
of CIpS, this initial docking into CIpA that tethers the substrate close to the pore is not
sufficient to enhance degradation. CIpS is an example of a distinct class of bacterial
adaptors that do not work by simple tethering and play an active role in the delivery of a
substrate. In this thesis, we uncover part of the CIpS delivery mechanism and
characterize contacts that are necessary for the formation of a competent CIpAS ternary
complex. We also propose a model to explain how N-end rule substrates are delivered
by the CIpAPS degradation machine. In the rest of this introduction, I will introduce the
N-end rule pathway more completely as well as focus on key background regarding the
involvement of CIpS and CIpAP in the degradation of N-end rule substrates.
The N-end Rule Pathway
The N-end rule degradation pathway states that the in vivo stability of a protein is
determined by the identity of its N-terminal amino acid (Bachmair et al., 1986,
Varshavsky, 1992). This highly conserved degradation pathway classifies amino acids
as either "stabilizing" or "destabilizing". For example, in E. coli, destabilizing residues
include four hydrophobic residues: Tyr, Phe, Trp, and Leu (Tobias et al. 1991) that
when located at the N-terminus of a polypeptide signal rapid degradation of the protein
(Figure 1.4, A). N-terminal residues that do not need any further modifications to serve
as degradation signals are referred to as primary destabilizing residues. In addition to
the primary destabilizing N-end rule residues (Tyr, Phe, Trp, and Leu), Arg and Lys are
classified as secondary destabilizing residues because a specific aminoacyl-transferase
is required to attach an N-terminal Leu or Phe which converts the signal into a primary
degradation tag (Varshavsky et al., 1995).
In eukaryotes, the repertoire of N-terminal destabilizing residues is broader when
compared to those in prokaryotes N-end rule (Figure 1.4, B). For instance, apart from
Trp, Phe, Tyr, Leu, positively charged residues Arg and Lys, and Ile also serve as
primary N-end degrons (Bachmair et al., 1986). Additionally, the N-end rule in
eukaryotes not only includes secondary destabilizing residues but also tertiary
destabilizing residues, which need to be modified to be converted to primary
destabilizing signals prior to degradation. For example, in S. cerevisiae N-terminal Asn
and Gin are converted to secondary residues, Asp and Glu, by the action of an N-
terminal amidohydrolase (Ntal) (reviewed in Varshavsky, 1996). Upon deamidation, the
new N-terminal residue of the substrate is recognized and further modified by an
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argininyl transferase (ATE1), which attaches an N-terminal Arg, which is a primary N-
degron (Figure 1.4, B). Recently, another N-terminal modification became part of the N-
end rule degradation pathway in S. cerevisiae. Hwang et al. (2010) showed that
acetylation of N-terminal Ala, Ser, Thr, and Cys targets proteins for degradation. Thus,
N-terminal Ala, Ser, Thr, and Cys are now considered secondary destabilizing residues
that upon acetylation serve as primary destabilizing residues.
In S. cerevisiae N-terminal Cys is a stabilizing residue however, this amino acid
is destabilizing in mammals when it is in its oxidized form. Oxidized Cys (Cys*) is also
modified by ATE1 by the addition of an N-terminal Arg which targets then these tagged
proteins for degradation via the N-end Rule Pathway.
A) Prokaryotic N-end rule
aat transferase
B) Eukaryotic N-end rule
Ntal
Ntaq
OxygenC..J
D"-
E,-
ATE1
Type I N-degrons
RD
RE
RC*
R
K
H
Type || N-degrons
L
F
Figure 1.4. The N-end rule Pathway in Prokaryotes and Eukaryotes
A) In prokaryotes, big hydrophobic residues (Y, W, F) and leucine (L) serve as primary
degradation signals when located at the N-terminal end of a protein. N-terminal Arg and
Lys are secondary degradation signals and are modified by the aat amino-acyl
transferase which appends L or F in front of these residues, converting the secondary
signal into a primary destabilizing residue.
L/FR
L/FKj
L
Y
W
F
B) In eukaryotes, Asn and Gin are tertiarty destabilizing signals and are modified by the
amidohydrolase Ntal to convert the N-terminal Asn and Gin to Asp and Glu
respectively. Asp and Glu are secondary destabilizing signals that are further modified
to primary signals by the argininyl transferase (Atel), which appends an Arg residue in
front of the Asp and Glu. In mammals, oxidized Cys (Cys*) also serve as tertiary
destabilizing residue that is also modified by Atel. Primary destabilizing residues (pink)
include R, K, I, L, Y, W, and F.
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The N-end Rule: Discovery
The N-end rule degradation pathway was discovered inadvertently in a study that
looked at the ability of deubiquitination by Ub-specific proteases depending on the
identity of the residue (X) between ubiquitin (Ub) and a model substrate (Bachmair et
al., 1986). When an Ub-X-@-galactosidase fusion was expressed in S. cerevisiae, it was
efficiently deubiquitinated by the Ub-specific protease regardless of the identity of the
residue X at the junction between Ub and p-galactosidase, except for proline (Bachmair
et al., 1986). Deubiquitination of these fusion proteins resulted in a new way of
generating otherwise identical model proteins with different residues at the N-terminus.
Unexpectedly, Bachmair et al. observed that each of the newly processed proteins had
different half-lives. They were either long-lived (half life of > 20h) or unstable (half-life <
3 min) depending on the identity of their N-terminal residue. A few years later Tobias et
al., 1991 showed that the same phenomenon existed in E. coli. Today, the N-end rule
pathway is known to exist in organisms ranging from bacteria to mammals including E.
coli (Tobias et al., 1991), S. cerevisiae (Bachmair et al., 1986), plants Arabidopsis
thaliana (Potuschak et al., 1998), and mammalian cells (Gonda et al., 1989).
Components of the N-end Rule Pathway
N-Recognins and the Eukaryotic N-end Rule Pathway
The eukaryotic N-end rule pathway is linked to ubiquitination, requiring the
collective action of three enzymes, an Ub-activating enzyme (El), an Ub-conjugating
enzyme (E2), and an Ub-ligase (E3), for degradation by the proteasome (Tasaki et al.,
2005; Varshavsky, 1996). For example, in S. cerevisiae direct recognition of the N-end
degron in substrates is performed by a single E3 ligase called N-recognin (Ubr1) which
has two N-end rule substrate binding sites (Xia et al., 2008). One binding site
accommodates the basic N-terminal residues Arg, Lys, or His and is referred to as type
1 binding site. The second binding site accommodates hydrophobic residues, Phe, Leu,
Trp, Tyr, or lie and is referred to as type 2 binding site. In contrast, the mammalian
genome encodes more than one N-recognin (Ubr1, 2, 4, and 5) that bind to destabilizing
N-terminal amino acids (Tasaki et al., 2005). After recognition by the N-recognin, N-end
rule substrates are ubiquitinated and targeted for degradation by the 26S proteasome,
the eukaryotic ATP-dependent, multisubunit protease (Hershko et al., 1998;
Rechsteiner et al., 1993).
A common feature of all N-recognins is the possession of a ~70-residue zinc-
finger like domain referred to as the UBR box (Tasaki et al., 2007). The UBR box of
Saccharomyces cerevisiae was recently crystallized alone and in complex with one
class of N-degron peptides revealing the molecular basis of N-end rule recognition in
yeast (Choi et al., 2010; Matta-Camacho et al., 2010). Although CIpS and the UBR box
are structurally different, they both recognize the free a-amino group of the N-terminal
degron via the formation of three hydrogen bonds (Choi et al., 2010; Matta-Camacho et
al., 2010; Wang et al., 2008 (chapter 2); Roman-Hernandez et al, 2009 (chapter3)).
CIpAPS and the E. coi N-end Rule Pathway
In E coi, the degradation of substrates bearing N-end degrons is carried out by
the ATP-dependent protease CIpAP (Tobias et al., 1991). As mentioned earlier, CIpA is
a member of the AAA+ superfamily of proteins that forms a hexameric ring in the
presence of nucleotide (Neuwald et al., 1999). Unlike CIpX, each CIpA monomer is
composed of two AAA+ domains (referred to as D1 and D2) and an N-terminal domain.
Although both D1 and D2 have the motifs required for both the binding (Walker A motif)
and the hydrolysis (Walker B motif) of ATP (Gottesman et al., 1990) it is believed that
D1 plays a major role in oligomerization of the unfoldase whereas D2 is for the most
part in charge of the ATP hydrolysis that drives the "machine" (Singh et al., 1994).
However, recent studies reveal that both ATPase domains can contribute to the efficient
degradation of substrates with high local stability (Kress et al., 2009). Degradation of
substrates by CIpAP requires initial binding of the degron to CIpA to denature and
translocate the polypeptide to CIpP. Crosslinking studies have shown that loops facing
the central pore of the CIpA hexamer bind a single ssrA peptide, a previously mentioned
C-terminal degradation tag recognized by CIpA (Hinnerwisch et al., 2005). Mutagenesis
and crosslinking studies with the AAA+ unfoldase CIpX and ssrA peptides have also
identified similar "pore loops" important for binding (Siddiqui et al., 2004; Martin et al.,
2008) suggesting that these machines bind directly to the substrate's degrons and upon
unfolding, translocation occurs via these substrate loops. Although this type of
crosslinking study has not been done with N-end degrons, we speculate that there is a
binding site on CIpA that recognizes these types of signals and upon unfolding of N-end
rule substrates, the same mechanism of translocation via the pore loops in CIpA is used
to translocate the substrates to ClpP.
Although the involvement of CIpAP in the destruction of N-end rule substrates
was known as soon as the pathway was discovered in E. coli (Tobias et al., 1991), it
was not until 2006 that new insight into how N-end rule substrates are initially
recognized and targeted for degradation emerged. Erbse et al. (2006) showed that
recognition of N-end rule degrons is highly dependent on the CIpAP-specific adaptor
CIpS. The CIpS adaptor was initially identified as a substrate modulator of ClpAP
(Dougan et al., 2002). The adaptor influences CIpAP both positively and negatively, that
is, it inhibits the CIpAP-mediated degradation of multiple substrates and stimulates the
degradation of N-end rule substrates (Dougan et al., 2002; Erbse et al., 2006).
The CIpS adaptor protein: a key component of the bacterial N-end rule pathway
The CIpA-specific adaptor protein CIpS is a small globular shaped protein of only
106 amino acids for the E. coi variant. The C/pS gene was discovered as a short open
reading frame in front of the C/pA gene in the early 2000's (Dougan et al., 2002). The
adaptor has been crystallized in complex with the isolated N-terminal domain of CIpA
revealing that the CIpS secondary structure consists of three a-helices connected to
three antiparallel P-strands, in addition to a very long and flexible N-terminal region that
apparently lacks secondary structure (Zeth et al., 2002; Guo et al., 2002). Although the
crystal structure of CIpS was known since 2002, an important hint regarding the actual
function of this protein awaited a bioinformatics study that revealed that CIpS shared
some homology to a region of the eukaryotic N-recognins (Lupas et al., 2003). As
discussed above, N-recognins are a subclass of E3 ubiquitin-ligases involved in the
recognition of eukaryotic N-end rule substrates, suggesting a possible role of CIpS in
the bacterial N-end rule pathway. The involvement of CIpS in the N-end rule pathway
was demonstrated in 2006 when the bacterial adaptor was directly shown to bind N-end
rule peptides and to enhance the degradation of model N-end rule substrates. CIpS is a
key player in the recognition of N-end rule substrates in E. coi (Erbse et al., 2006).
Although CIpAP by itself can recognize and degrade N-end rule substrates
(Wang et al., 2007), CIpS greatly enhances this degradation (Erbse et al., 2006; Wang
et al., 2007; Hou et al., 2008). Features of the N-end rule substrate that are needed for
efficient recognition by CIpS and further degradation by CIpAP have been characterized
and can be summarized as follows (1) a free a-amino group (Erbse et al., 2006; Wang
et al., 2008a,b; Roman-Hernandez et al., 2009), (2) an unstructured region at least four
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residues between the N-degron and the folded portion of the substrate (Wang et al.,
2008a), and (3) preferentially neutral or positively charged residues directly after the N-
degron (Wang et al., 2008a).
My thesis work has intended to elucidate the molecular basis of N-end rule
substrate recognition by the adaptor protein CIpS as well as to reach a better
understanding of how CIpS work together with the ClpAP protease for efficient N-end
rule substrate delivery and degradation. In the second and third chapter, structural
studies of CIpS engaged with each of the primary N-end rule residues illustrate the
features of the N-degron that are required for recognition by CIpS and also provide a
better understanding of the residues that are part of the CIpS binding pocket. These two
chapters reveal how specificity is achieved by CIpS, and likely the E3 enzymes as well,
as the peptide binding pocket we identified in CIpS shows sequence similarity to regions
in these eukaryotic enzymes. The fourth chapter is geared towards understanding the
synergistic interaction between ClpA and CIpS and provides new insight on the
formation of the ternary complex that is required to form prior to the degradation of N-
end rule substrates. This chapter provides biochemical characterization of all the
components of the N-end rule pathway in E. coli and shows that CIpS has unique
characteristics in addition to the features general to most bacterial adaptors. Taken
together, all the chapters provide knowledge about a new class of adaptor proteins that
do not work by simple tethering the substrate to their partner protease. Understanding
the mechanism behind CIpAPS N-end rule substrate recognition and delivery has
provided knowledge not only about how CIpS interacts with CIpA, but also has revealed
general features regarding the immense influence that adaptor proteins have over their
AAA+ proteases.
CHAPTER TWO
The Molecular Basis of N-end rule Recognition
This chapter was previously published as Wang, KH, Roman-Hernandez G, Grant R.A.,
Sauer RT, and Baker TA 2008. Mol Cell 32(3): 406-414. K. Wang and G. Roman
performed the experiments. R.A. Grant led the structure determination and model
building assisted by K. Wang and G. Roman. T.A. Baker and R.T. Sauer prepared the
manuscript.
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Abstract
The N-end rule targets specific proteins for destruction in prokaryotes and eukaryotes.
Here, we report a crystal structure of a bacterial N-end rule adaptor, CIpS, bound to a
peptide mimic of an N-end rule substrate. This structure, which was solved at a
resolution of 1.15 A, reveals specific recognition of the peptide a-amino group via
hydrogen bonding and shows that the peptide's N-terminal tyrosine side chain is buried
in a deep hydrophobic cleft that preexists on the surface of CIpS. The adaptor side
chains that contact the peptide's N-terminal residue are highly conserved in orthologs
and in E3 ubiquitin ligases that mediate eukaryotic N-end rule recognition. We show that
mutation of critical CIpS contact residues abrogates substrate delivery to and
degradation by the AAA+ protease CIpAP, demonstrate that modification of the
hydrophobic pocket results in altered N-end rule specificity, and discuss functional
implications for the mechanism of substrate delivery.
Introduction
Targeted proteolysis is essential for regulation of cellular systems, for balancing
the composition of the proteome, and for protein-quality control in all cells (reviewed in
Gottesman, 1996). In bacteria, archaea, and eukaryotic cells, ATP-dependent AAA+
proteases such as CIpAP, CIpXP, HsIUV, Lon, and the proteasome play major roles in
these processes (reviewed in Gottesman, 2003; Sauer et al., 2004; Hanson and
Whiteheart, 2005; Bukau et al., 2006). Because degradation is an irreversible process,
highly specific recognition is required to avoid unwarranted destruction of the wrong
proteins. Some protein substrates are recognized directly by AAA+ proteases, whereas
other substrates are recognized and delivered to the protease by specialized adaptor
proteins (reviewed in Baker and Sauer, 2006). Although outlines of recognition
strategies are emerging, there are almost no cases in which the detailed molecular
basis of specific recognition by these proteases or adaptors is known.
The N-end rule is a highly conserved mechanism that targets specific proteins to
the proteolytic machinery of the cell based on the identity of the substrate's N-terminal
amino acid (Bachmair et al., 1986). In bacteria, for example, aromatic and large
hydrophobic residues (Tyr, Trp, Phe, and Leu) are primary N-end rule degradation
signals (Tobias et al., 1991). In eukaryotes, these same N-terminal residues also serve
as degradation cues, as do lie, and basic amino acids (Bachmair et al., 1986; Gonda et
al., 1989). In addition, certain secondary N-terminal amino acids are recognized by
specific amino-acyl transferases, which add a primary residue to the N-terminus and
convert the protein into a good N-end-rule substrate (Balzi et al. 1990; Shrader et al.
2003). Importantly, N-end rule substrates are not generally generated by translation and
standard N-terminal processing but by endoproteolytic cleavage, making N-end rule
degradation especially suited for regulated proteolysis in diverse cellular processes
(Mogk et al., 2007).
Although the principle is the same, the pathways used for N-end rule recognition
are different in prokaryotes and in eukaryotes. In bacteria, for example, the CIpS
adaptor protein recognizes N-end rule substrates, tethers them to the CIpAP protease,
and then, in a poorly understood step, actively transfers the substrate to CIpAP for
degradation (Dougan et al., 2002; Erbse et al., 2006; Wang et al., 2007; Hou et al.,
2008; Wang et al., 2008) (Figure 2.1, A). N-end rule substrates are initially transferred
from CIpS to the AAA+ CIpA hexamer, which harnesses the energy of ATP hydrolysis to
denature the substrate and then to translocate it into the proteolytic chamber of the
CIpP peptidase for degradation (Thompson et al., 1994; Weber-Ban et al., 1999). The
structure of CIpS in complex with the N-terminal domain of CIpA is known (Guo et al.,
2002; Zeth et al., 2002), but how N-end rule substrates are recognized and transferred
to CIpA has remained elusive. In eukaryotes, by contrast, a specific family of E3
ubiquitin ligases recognizes and, together with an E2 enzyme, covalently modifies N-
end rule substrates by polyubiquitin addition, thereby marking them for subsequent
energy-dependent degradation by the proteasome (Bartel et al., 1990; Tasaki et al.,
2005) (Figure 2.1, B). Interestingly, CIpS is homologous to a region of these E3
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enzymes, suggesting that a common module has evolved to mediate N-end rule
recognition in organisms ranging from bacteria to mammals (Lupas and Koretke, 2003).
substrate
N-end
residue
CIpS
CIpA
CIpP
E2
Cap
26S
Proteasome
Figure 2.1. N-End Rule Recognition in Bacteria and Eukaryotes
(A) N-end degron recognition. In bacteria, CIpS recognizes the substrate N-end rule
signal (purple star) and directs substrate degradation by the CIpAP protease.
(B) In eukaryotes, a specific E3 ligase recognizes this signal and mediates addition of
ubiquitin (Ub), which then leads to recognition and degradation by the proteasome.
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Here, we determine the structure of the CIpS adaptor bound to an N-end rule
substrate mimic. This atomic-resolution structure reveals how binding specificity for the
N-terminal residue of the substrate and for the normal set of bacterial N-end rule side
chains is established. Model building based on the cocrystal structure also suggests
how p-branched hydrophobic side chains are excluded from the wild-type CIpS binding
pocket, which facilitated the design of a novel altered-specificity adaptor that efficiently
targets substrates bearing N-terminal Ile or Val residues for CIpAP degradation. Finally,
the structure suggests a plausible mechanism by which N-end substrates could be
transferred from CIpS to CIpA by reprogramming contacts between the adaptor and the
a-amino group of the substrate.
Results
Cocrystal structure
To determine how N-end rule substrates are recognized, we expressed and
purified variants of CIpS from Escherichia coli, Pseudomonas aeruginosa, and
Caulobacter crescentus and screened for cocrystals with a decapeptide containing an
N-terminal tyrosine, one of the universally recognized N-end-rule residues. The peptide
sequence was designed based on a high-affinity N-end rule degradation tag isolated by
genetic selection (Wang et al., 2007). Crystals that diffracted to atomic resolution were
obtained for a C. crescentus CIpS variant consisting of residues 35-119. Using
molecular replacement to obtain phases, we initially solved the structure at 2.0-A
resolution and subsequently collected higher resolution data and extended the structure
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to 1.15-A resolution (pdb code 3DNJ; Rwork 13.5%; Rfree 15.9%). There were two CIpS
monomers and two N-end-rule peptides in the asymmetric unit of the crystal (space
group P21). Each adaptor molecule bound the N-end-rule peptide in the same fashion,
but only the first few residues of each peptide were visible in the electron-density map.
As expected for a structure at very high resolution, both the quality of the map (Figure
2.2, A) and the geometry of the final structure were excellent. The folds of C. crescentus
CIpS and E. coli CIpS were essentially the same (Figure 2.2, B), with an r.m.s.d. of 0.5
A for main-chain atoms. The E. coli CIpS structure was determined without an N-end
rule peptide and in complex with the N-terminal domain of ClpA (Guo et al., 2002; Zeth
et al., 2002). Thus, neither binding to a peptide substrate nor to the ClpA N-domain
appears to change the adaptor's conformation substantially. As shown in Figure 2.2, B,
the binding surfaces for the N-end-rule peptide and the ClpA N-domain are located on
opposite sides of CIpS.
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Figure 2.2. Cocrystal Structure and N-End Recognition
(A) Electron density, contoured at 1.25 a, from a 2Fo-Fc map for residues 110 and 111
of CIpS chain A in the cocrystal structure.
(B) Alignment of the CIpS portions of the E. coli CIpS-N-domain complex (1 R6C) and
the Caulobacter CIpS-N-end-peptide complex.
(C) Key hydrogen-bond contacts (dotted lines) between ClpS and the N-end rule
peptide. Atom colors: oxygen (red); nitrogen (dark blue); carbon (purple for peptide; light
blue for CIpS); hydrogen (white). Only a subset of hydrogen atoms is shown.
(D) The tyrosine side chain (purple, stick representation) of the N-end rule peptide binds
in a deep hydrophobic pocket on CIpS (surface representation: oxygen [red]; nitrogen
[blue]; carbon and hydrogen [white]; sulfur [yellow].
(E) Cutaway view of hydrophobic specificity pocket. The N-end rule peptide is shown in
stick representation. Caulobacter CIpS residues 45, 51, 53, 56, 75, 78, 79, and 112 are
shown in surface representation. Atom colors: oxygen (red); nitrogen (dark blue); sulfur
(yellow-orange); carbon (purple for peptide; white for CIpS); hydrogen (white).
(F) Electrostatic potential of Caulobacter CIpS calculated without bound peptide using
GRASP (Nicholls et al., 1991). Negative surface (red); positive surface (blue); neutral
surface (white). Molecular graphics were prepared using PYMOL (W.L. DeLano,
http://www.pvmol.orq/) or GRASP.
Recognition of the a-amino group and N-end side chain
The cocrystal structure reveals a simple mechanism by which CIpS recognizes
the first residue of N-end rule substrates. The peptide a-amino group, which is a unique
chemical signature of the N-terminal residue, forms hydrogen bonds with the side
chains of Caulobacter CIpS residues Asn47 and His79 and with a water molecule that
hydrogen bonds to the Asp49 side chain and the carbonyl oxygen of the N-terminal
peptide residue (Figure 2.2, C). In principle, the peptide a-amino group (pKa ~7) could
be charged or neutral under physiological conditions. In our structure, the a-amino
group is involved as a hydrogen-bond donor in three interactions with good geometries
(N-H...O or N-H...N distances 1.92 ± 0.03 A; angles 158 ± 4*). This result is expected if
the a-amino group is positively charged, as only the -NH3' form has the capacity to
donate three hydrogen bonds (the -NH2 species could donate two hydrogen bonds).
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CIpS recognizes N-end-rule substrates with N-terminal Tyr, Phe, Trp, and Leu
side chains (Erbse et al., 2006; Wang et al., 2007). In the cocrystal, the N-terminal
tyrosine ring of the peptide packs into a deep hydrophobic pocket on the surface of
CIpS (Figure 2.2, D-F). At the bottom of this cavity, the tyrosine hydroxyl group donates
a hydrogen bond to the main-chain oxygen of Leu46 (Figure 2.2, C). This specificity
pocket of CIpS-which is formed by atoms from residues IIe45, Leu46, Asn47, Asp48,
Thr5l, Met53, Val56, Met75, Va178, His79 and Leul 12-could easily accommodate the
side chains of Phe and Leu and appears to be large enough to allow the binding of a
Trp side chain. Hence, we anticipate that CIpS will bind the N-terminal residues of all
bacterial N-end rule substrates in a generally similar manner, with the bulky
hydrophobic side chain fitting into the specificity pocket of CIpS and hydrogen bonds
between CIpS and the a-NH3* group pinning this side chain in place.
CIpS also makes hydrogen bonds with the amide bond connecting the second
and third peptide residues, but specific side-chain contacts were not observed at these
peptide positions, and electron density for additional residues was poor or absent.
These results are consistent with studies showing that peptide residues past the N-
terminus play only modest roles in determining affinity for CIpS, with the main effect
being weakening of the binding interaction by acidic residues (Erbse et al., 2006; Wang
et al., 2008). Indeed, Glu and Asp side chains at these positions would interact
unfavorably with the negative electrostatic potential of the N-end-rule binding site
(Figure 2.2, F), which would help to stabilize binding of the positively charged a-amino
group.
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Although the molecular contacts between CIpS and the N-end-rule peptide
appear to be exquisitely specific, their total number is small. For example, the binding
interaction buries only about 600 A2 of surface area. Nevertheless, the peptide binds
CIpS with an affinity of ~400 nM. For comparison, CIpS binding to the N-domain of CIpA
buries far more surface area (~1600 A2) but results in a similar binding constant (-330
nM; Guo et al., 2002; Zeth et al., 2002). Our cocrystal structure provides a reasonable
explanation for the relatively tight binding of the N-end-rule peptide to CIpS despite
limited contacts. First, the N-end-rule binding site is preformed in free CIpS. For
example, the hydrophobic specificity pocket is present in unliganded CIpS and the side
chains that will contact the a-amino group of the substrate have the same rotamer
conformations as in the cocrystal structure. Second, the peptide can adopt the correct
binding geometry simply by choosing one of four possible rotamer conformations for its
N-terminal tyrosine side chain and by fixing the dihedral angles of the first two peptide
bonds. Thus, the entropic cost of reorganization of the two macromolecules that
accompanies binding should be relatively modest.
Contact residues are highly conserved and functionally important
In the PFAM multiple sequence alignment of 432 CIpS orthologs (PF02617), the
positions corresponding to Asn47 and His79 in C. crescentus CIpS are ~90% conserved.
Moreover, in the remaining sequences Asn47 is always replaced by Asp, and His79 is
almost always replaced by Asp or Asn. Thus, the residues at these positions in all CIpS
orthologs could accept hydrogen bonds from the a-amino group of the N-end-rule
residue. Similarly, the CIpS side chains that form the hydrophobic pocket for the N-end-
rule side chain are also highly conserved in orthologs (Figure 2.3, A). This strong
evolutionary conservation of the CIpS side chains that make specific contacts with the
N-end rule peptide supports the functional relevance of our Caulobacter cocrystal
structure.
We also tested the importance of key CIpS residues directly. Because prior
studies of the bacterial N-end rule have all been carried out with the E. coli protein, we
first established that C. crescentus and E. coli CIpS have similar binding specificities.
Indeed, like E. coli CIpS, the Caulobacter adaptor bound tightly to peptides with Tyr,
Trp, Phe, or Leu at the N-terminus (Figure 2.3, B). The KD values measured in these
experiments were 150 to 500 nM. For comparison, KD values between 260 nM and 1.5
pM were reported for binding of E. coli CIpS to substrates with an N-terminal Phe (Erbse
et al., 2006). By contrast, Caulobacter CIpS bound at least 20-fold more weakly to an
otherwise identical peptide with Ile at the N-terminus. Next, based on the structure, we
mutated E. coli CIpS residues predicted to contact the a-amino group of N-end-rule
substrates and assayed CIpS-mediated CIpAP degradation. The E. coli N34A mutation
(corresponding to N47A in Caulobacter CIpS) eliminated detectable CIpAP degradation
of a model N-end rule substrate at the concentration tested (Figure 2.3, C). Similarly,
this mutant variant of CIpS did not detectably bind N-end rule peptides at the highest
concentration tested. Thus, the contacts altered by this mutation are very important for
recognition of N-end-rule substrates.
N-end residue contacts
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Figure 2.3. Conserved Residues in CIpS Are Functionally Important
(A) Sequence homology suggests conserved recognition of N-end rule substrates. The
top 8 CIpS sequences are bacterial. A plant ortholog (CLPSARATH) and 2 eukaryotic
E3 ligases (UBR1_YEAST; UBR2_MOUSE) are also shown. Sequence numbering,
secondary structure, and the positions of contacts with the N-end rule peptide are from
the C. crescentus cocrystal structure.
(B) Caulobacter ClpS binds N-end rule peptides beginning with Tyr, Phe, Trp, and Leu
with submicromolar affinities. The curve shows CipS binding to the Tyr peptide, assayed
by changes in fluorescence anisotropy. The KD values are averages ± 1 SD of three
independent experiments.
(C) Mutations in E. coli CIpS (CIpSEC) that should alter direct or indirect contacts with the
N-end rule a-amino group cause defects in ClpAP degradation of Tyr-GFP. The N34A,
D36A, and H66A mutations in ClpSEC correspond to N47A, D49A, and H79A in
Caulobacter CIpS. Reactions contained ClpSEC or variants (900 nM), CIpAP (100 nM),
Tyr-GFP (100 nM), and ATP (4 mM).
(D) Michaelis-Menten plots of Tyr-GFP degradation by CIpAP (100 nM) and ClpSEC
variants (900 nM). Representative plots for each variant and average Km and Vmax
values are shown.
U
wt
CIpS
U_
[Tyr4GFP] (sM)
The E. coi D36A and H66A mutations (corresponding to D49A and H79A in
Caulobacter CIpS) also compromised substrate recognition (Figure 2.3, C & D), albeit to
lesser degrees than the N34A mutation. The D36A mutation caused a ~2-fold increase
in the Michealis constant (Km) for degradation of an N-end-rule substrate, whereas the
H66A mutation increased Km about 5-fold and also lowered Vmnax substantially (Figure
2.3, D). We conclude that the structural interactions observed between CIpS and the a-
amino group of the "substrate-mimic" N-end-rule peptide play important roles in the
recognition and delivery of N-end rule substrates for degradation.
Altered specificity mutation relieves restriction against lie and Val
Lupus and Koretke (2003) originally reported sequence homology between CIpS
and a subset of eukaryotic E3 ligases. Our cocrystal structure establishes that the
amino acids that form the CIpS N-end-rule binding site are highly conserved in these
ligases (Figure 2.3, A). Thus, essential features of N-end-rule substrate recognition are
also very likely to be preserved. Interestingly, however, at least some of the E3 ligases
accept lie as an N-end-rule residue in addition to Tyr, Phe, Trp, and Leu (Gonda et al.,
1989), whereas CIpS only recognizes the latter four side chains.
In our structure, the side chain of the N-terminal peptide tyrosine packs tightly
against the side chain of Met53 in Caulobacter CIpS (Figure 2.4, A). When Ile was
modeled at the peptide N-terminus, its p-branched methyl group chain clashed sterically
with Met53, suggesting a mechanism for exclusion of lIe and the p-branched Val side
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chain from the N-end-rule specificity pocket. To explore this possibility, we constructed,
purified, and assayed a variant of E. coli CIpS in which the corresponding methionine
was replaced by alanine (M40A). The wild-type E. coli adaptor mediated efficient CIpAP
degradation of green fluorescent protein with the N-terminal sequence Leu-Leu-Phe-
Val-Gln-Glu-Leu (Leu-GFP), but showed little activity toward otherwise identical
substrates with Val, lie, or Thr at the N terminus (Figure 2.4, B & D). By contrast, the
M40A mutant delivered Ile-GFP to CipAP as efficiently as Leu-GFP, and delivered Val-
GFP better than either of these substrates (Figure 2.4, C-E). Importantly, the M40A
variant retained the ability to recognize specific features of the N-terminal amino acid.
This mutant adaptor efficiently delivered Val-GFP for CIpAP degradation but failed to
deliver the isosteric Thr-GFP protein (Figure 2.4, D-E). Thus, the methionine side chain
at position 40 of E. coli CIpS serves as a specificity gatekeeper by excluding P-branched
amino acids in N-end rule recognition. Although methionine is the most common residue
at this position in CIpS orthologs (72%), alanine is present in a few bacterial adaptors.
This observation suggests that the repertoire of hydrophobic N-end-rule residues may
be different in some bacteria.
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Figure 2.4. Altered N-End Rule Degradation Specificity
(A) The Met53 side chain of Caulobacter CIpS packs against the N-terminal Tyr' side
chain of the N-end rule peptide. Replacing Tyr' with Val or lie would introduce a methyl
or ethyl group at the side-chain atom marked by an asterisk, leading to clashes.
(B) Wild-type CIpSEc delivered Leu-GFP but not Val-GFP for CIpAP degradation.
(C) M40A CIpSEc delivered Val-GFP for CIpAP degradation even better than Leu-GFP.
(D) Rates of CIpS-mediated CIpAP degradation of GFP variants with different N-
terminal residues were determined from experiments like those in (A) and (B) and
normalized to the Leu-GFP rate for each CIpS variant. lle-GFP and Val-GFP were
delivered efficiently by M40A CIpSEc but not by wild-type CIpSEc. Thr-GFP was delivered
poorly by both adaptors. Error bars represent 1 SD from the average (n = 3).
(E) Michaelis-Menten plot of Val-GFP degradation by CIpAP and CIpSEc M40A. Km and
Vmax are similar to the values for degradation of Tyr-GFP by CIpAP and wild-type CIpSEc
(Figure 2. 3D). In all panels, the CIpS concentration was 900 nM and the CIpAP
concentration was 100 nM. Substrate concentrations in (B)-(D) were 500 nM.
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Our results show that modest changes in the N-degron binding pocket could
easily account for differences in recognition of bulky hydrophobic N-end rule residues in
prokaryotes and eukaryotes. Arg, Lys, and His also serve as primary N-end rule
residues in eukaryotes, but these basic side chains are recognized by a distinct binding
site in the E3 enzyme (Gonda et al., 1989; Xia et al., 2008). In a recent study, Xia et al.
(2008) identified mutations in the yeast UBR1 E3 ligase that prevent recognition of
hydrophobic N-end rule residues. Three of these loss-of-function mutations mapped to
the CIpS-homology region of UBR1 and altered residues corresponding to residues 43,
48, and 51 in Caulobacter CIpS, which are in or near the N-end-rule binding pocket.
Discussion
Structural implications for the mechanism of substrate delivery
Our cocrystal structure establishes the molecular basis of N-end-rule recognition
by CIpS. Prior structural studies have shown how CIpS binds to the N-terminal domain
of CIpA (Guo et al., 2002; Zeth et al., 2002). Although these interactions are necessary
for efficient CIpAP degradation of N-end-rule substrates, biochemical and genetic
studies reveal that they are not sufficient. For example, deletion of unstructured
residues at the N-terminus of ClpS does not interfere with its binding to N-end-rule
substrates or to CIpA, but these deletions prevent ClpAP degradation of the tethered
substrate (Hou et al., 2008). Moreover, by itself, CIpA has weak affinity for N-end-rule
substrates, suggesting that adaptor-mediated substrate delivery involves transfer of the
substrate from its initial binding site in CIpS to a site in ClpA (Wang et al., 2007).
Modeling studies suggest that CIpS binds near the outer periphery of the
hexameric ring of CIpA (Guo et al., 2002; Zeth et al., 2002), which would place the N-
end-rule substrate far from the central pore of the hexamer where substrate
engagement must ultimately occur (Hinnerwisch et al., 2005). However, the N-terminal
domains of CIpA, which bind CIpS, appear to be highly mobile, and it has been
suggested that this flexibility may allow these domains to relay substrates to an
interaction site in the AAA+ ring (Ishikawa et al., 2004). Because simple CIpS-mediated
tethering of N-end-rule substrates to CIpAP is not sufficient to ensure degradation (Hou
et al., 2008), it seems likely that an N-domain-CIpS-substrate complex must eventually
move close enough to the pore to allow efficient transfer of the substrate from the CIpS
adaptor to the central pore of CIpA (Figure 2.5). Proximity, however, would not ensure
transfer if the substrate remained tightly bound to CIpS (Figure 2.5, B). We propose that
residues in or near the CIpA pore facilitate hand-off by interacting with CIpS residues
close to the binding pocket. For example, such interactions could reposition one of the
CIpS side chains that contacts the a-amino group of the substrate (Figure 2.5, C). This
interaction, in turn, would destabilize adaptor-substrate binding in a manner analogous
to the N34A and H66A mutations in E. coi CIpS, allowing substrate release and capture
by the binding site in CIpA (Figure 2.5, D), and eventual initiation of degradation by
translocation of the substrate through the pore of ClpA and into ClpP (Figure 2.5, E).
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Figure 2.5. Model for Facilitated Transfer from CipS to CIpA
(A) Initial binding of a complex of CIpS (light blue) and the N-domain of CIpA (dark
brown) to an N-end rule substrate (magenta). Hydrogen bonds between CIpS and the a-
amino group of the substrate pin the side chain of the N-terminal residue (Phe) into the
hydrophobic pocket. The N-domain is flexibly linked to the AAA+ domains of CIpA(salmon) in this state.
(B) The N-domain-CIpS-substrate complex moves closer to the central pore of the CIpA
hexamer, in a process involving the N-terminal residues of CIpS.
(C) A CIpS residue that formerly pinned the a-amino group of the substrate now
interacts with a CIpA side chain instead, weakening binding of the N-end rule side chain
to CIpS.
(D) The N-terminal Phe of the substrate is transferred from the hydrophobic pocket of
CIpS to a binding site near the CIpA pore.
(E) The N-domain-CIpS complex moves back to a mobile position, allowing CIpA to
denature the substrate by translocation through the pore and to initiate degradation.
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The facilitated transfer model depicted in Figure 2.5 needs to be tested directly.
However, several prior observations are consistent with this general idea. For example,
Zeth et al. (2002) found that CIpS dissociated more slowly from CIpA when ATPyS was
present. Because nucleotide binds to the AAA+ domains of CIpA, it would not directly
alter the interaction of the CIpA N-domain with CIpS. Nucleotide binding could, however,
create a second binding site for CIpS near the central pore of the hexamer, as required
by the facilitated transfer model. Moreover, Erbse et al. (2006) found that the Y37A and
E41A mutations in E. coli CIpS decrease the efficiency of substrate delivery to CIpAP.
They speculated that these residues formed part of the binding site for the N-end
residue. However, the cocrystal structure shows that the corresponding side chains in
Caulobacter CIpS do not contact the N-end-rule peptide directly. It is possible, therefore,
that these adaptor residues, which are close to the substrate binding site, are involved
in CIpS binding to a site near the pore of CIpA as part of the transfer process. We
anticipate that the cocrystal structure will aid in designing experiments to probe the
mechanism of downstream transfer of N-end-rule substrate from CIpS to CIpAP.
Exclusion of potential substrates
The cocrystal structure provides simple explanations for N-end-rule recognition,
but also raises an important question. Why, for example, doesn't methionine serve as
an N-end-rule residue? This is a critical biological issue, as most bacterial proteins and
many eukaryotic proteins start with methionine. Modeling using the cocrystal structure
shows that a methionine side chain fits nicely into the specificity pocket of CIpS.
Because the side chain of methionine is somewhat less hydrophobic than that of leucine
and can adopt more rotamer conformations, substrates with N-terminal methionines
would be expected to bind less well than substrates with N-terminal leucines (Lipscomb
et al., 1998). Indeed in protein folding studies using T4 lysozyme, Gassner et al. (1999)
found that Leu->Met substitutions in different parts of the hydrophobic core decreased
stability by 0.4 to 2.0 kcal/mol. However, even destabilization by 2 kcal/mol would only
decrease the CIpS affinity for a substrate with an N-terminal Met by about 30-fold
compared to the same substrate with an N-terminal Leu. Moreover, because roughly
70% of all bacterial proteins have an N-terminal methionine (Frottin et al., 2006), these
potential substrates would greatly outnumber authentic N-end-rule substrates and
higher concentration would offset reduced affinity. There is, however, no evidence that
proteins starting with methionine are targeted for N-end rule degradation in vivo
(Bachmair et al., 1986; Wang et al., 2007). We conclude that CIpS affinity for proteins
with N-terminal methionines is either much lower than expected based on theoretical
considerations (Lipscomb et al., 1998) and modeling based on the cocrystal structure,
or that another mechanism prevents the wasteful degradation that would otherwise
occur.
In addition to exceptionally weak binding, multiple mechanisms might prevent
CIpS-mediated degradation of proteins with N-terminal methionines. First, the N-
terminal methionine could be inaccessible because it is part of the native protein
structure. Second, some proteins with good N-end-rule residues are not degraded by
CIpS-CIpAP if the N-terminal residue is too close to the body of the folded protein
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molecule (Erbse et al., 2006; Wang et al., 2008). In this instance, CIpS still binds the
protein efficiently but engagement by CIpAP does not occur. A third mechanism
involves a second step of substrate discrimination. For example, the ClpS-substrate
complex might need to have sufficient kinetic stability to allow transfer to the pore of
CIpA. This type of kinetic "editing" could also explain our observation that the H66A
mutation in E coli CIpS, which weakens apparent binding to N-end-rule substrates by
removing a contact with the a-amino group, also decreases the rate of CIpAP
degradation at saturating substrate concentrations about 4-fold. It is also possible that
the secondary N-end-rule binding site in or near the CIpA pore discriminates against
methionine, providing a second step of thermodynamic selection.
CIpS recognition of additional substrates
N-end rule proteins are the best-characterized substrates for CIpS mediated
degradation by CIpAP, but additional substrates are also likely to be degraded by this
adaptor-dependent system. For example, only an aggregated form but not the soluble
form of malate dehydrogenase is degraded in a CIpS-dependent fashion by CIpAP
(Dougan et al., 2002). Moreover, in peptide-array experiments, CIpS binds relatively
strongly to some sequences without N-terminal Tyr, Phe, Trp, or Leu residues (Erbse et
al., 2006). It seems likely, therefore, that the site that CIpS uses to bind N-end-rule
substrates will also be utilized to bind other substrates, for example ones with internal
Tyr, Phe, Trp, or Leu side chains. Indeed, starting from the cocrystal structure, we were
able to add extra residues to the N-terminus of the peptide with good geometry and
without steric clashes. Thus, the structure of the binding site would allow binding to
peptides with internal Tyr, Phe, Trp, or Leu side chains. In this case, however, there
would be no appropriately positioned a-amino group to maximize hydrogen bonding with
CIpS, which would remove potential stabilizing interactions. Indeed, it is known that
acetylation of the a-amino group of a good N-end-rule peptide diminishes but does not
eliminate binding (Wang et al., 2008). Nevertheless, favorable interactions between
residues upstream of an internal Tyr, Phe, Trp, or Leu side chain and CIpS could easily
restore this lost binding energy. It will be important to test directly for internal recognition
of substrates by CIpS and to determine how sequence context influences such
recognition.
Perspective
The N-end rule for protein degradation can be stated simply and concisely.
Nevertheless, the cellular machinery that executes and influences this degradation is
complex and is only beginning to be understood in molecular detail. The cocrystal
structure of CIpS in complex with an N-end rule peptide provides the first atomic-level
view of a critical step in which an N-end-rule substrate is initially targeted for
degradation by binding to a specific adaptor protein and suggests potential mechanisms
for downstream recognition of the N-end degron that leads to eventual degradation.
Homology between CIpS and the E3 ubiquitin ligases suggests that many of the
detailed features of N-degron recognition are conserved in organisms ranging from
bacteria to mammals.
Experimental Procedures
Proteins and peptides
Residues 20-119 of C. crescentus CIpS were fused to the C-terminus of His6-SUMO-
Tyr- Gly-Arg- using a pET23b vector (Novagen). Residues 1-19 were not included in
this construct because the corresponding residues in E. coi CIpS are largely
unstructured (Guo et al., 2002; Zeth et al., 2002). Following fusion-protein purification by
Ni**-NTA chromatography (Qiagen), cleavage with SUMO protease resulted in an
insoluble CIpS fragment. However, cleavage with thrombin (Novagen) produced a
mixture of soluble products. After dialysis into 10 mM HEPES (pH 7.5), 80 mM KCI, 1
mM DTT, and 5% glycerol, His6-SUMO and small peptides were removed by
chromatography on Ni+*-NTA and Mono-Q (GE Healthsciences) columns. The purified
CIpS fragment was shown to consist of residues 35-119 by mass spectrometry. CIpS35-
119 was exchanged into a final buffer of 10 mM HEPES (pH 7.5), 200 mM KCI, and 1 mM
DTT by gel filtration on Superdex-75 (GE Healthsciences) and concentrated to 10
mg/ml using Millipore spin filter columns with a molecular weight cutoff of 5 kDa. Full-
length variants of E. coi CIpS were constructed by PCR mutagenesis and purified as
described (Dougan et al., 2002). E. coi CIpA, E. coi CIpP-His6, and GFP substrates
with the N-terminal sequence Xxx-Leu-Phe-Val-Gln-Glu-Leu (where Xxx is a variable
position) were purified as described (Maurizi et al., 1990; Kim et al., 2000; Wang et al.,
2008). Peptides were synthesized by standard FMOC techniques using an Apex 396
solid-phase synthesizer.
Crystallography
Crystals in space group P21 were obtained after 1 week at 20 0C in hanging drops
containing 2 pl of a solution containing C. crescentus CIpS35-1 9 (8 mg/ml) and the
peptide Tyr-Leu-Phe-Val-GIn-Arg-Asp-Ser-Lys-Glu (2 mM) in 10 mM HEPES (pH 7.5),
200 mM KCI, and 1 mM DTT mixed with 1 pl of reservoir solution (0.1 M bis-Tris (pH
5.5), 0.2 M MgCl2 , and 19% PEG 3350). Crystals were frozen without additional
cryoprotection. X-ray diffraction data to 2.0-A resolution were collected on a Rigaku
MicroMax007-HF rotating anode source equipped with Varimax-HR mirrors, an RAXIS-
IV detector, and an Oxford cryo-system, and were processed using HKL-2000
(Otwinowski and Minor, 1997). Initial phases were obtained by molecular replacement
using E. coli CIpS (1R60 chain C) as a search model in PHASER (Storoni et al., 2004).
Iterative model building using COOT (Emsley and Cowtan, 2004) and refinement using
PHENIX (Adams et al., 2002) resulted in a structure with good refinement statistics
(Rwork 17.7%; Rfree 22.7%). A data set that extended to 1.15-A resolution was
subsequently collected at the NE-CAT 24-ID-C beamline at the Argonne National Labs
Advanced Photon Source. These data were processed and the structure was refined as
described above. The final structure (Rwork 13.5%; Rfree 15.9%) was refined with
macromolecular hydrogen atoms, with variable occupancy of water molecules, and with
anisotropic b-factors for all non-hydrogen and non-water atoms. Changes in accessible
surface area were calculated with the ccp4 program AREAIMOL (Collaborative
Computational Project, Number 4, 1994; Lee and Richards, 1971).
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Biochemical assays
CIpAP degradation assays were performed and analyzed as described (Wang et al.,
2008). Briefly, CIpA6, (CIpP-His6)14, and CIpS were pre-incubated in reaction buffer (50
mM HEPES (pH 7.5), 300 mM NaCI, 20 mM MgC 2, 0.5 mM DTT, 10% glycerol) with
GFP substrate for 2 min at 30 *C before adding ATP regeneration mix (4 mM ATP, 50
mg/ml creatine kinase, 5 mM creatine phosphate) to initiate the degradation reaction
(Weber-Ban et al., 1999; Wang et al., 2007). For CIpS binding assays, synthetic
peptides (Xxx-Leu-Phe-Val-Gln-Tyr-His6-Cys) were labeled by modification with
fluorescein maleimide (Thermo Scientific) (Wang et al., 2008). Binding was assayed by
changes in fluorescence anisotropy using a Photon Technology International
instrument. Experimental data were fit to a hyperbolic binding isotherm or to the
Michaelis-Menten equation to obtain KD, KM, and Vmax values. Cited KD values were
averages (± SD) of three independent experiments; Km and Vmax values were averages
of two experiments.
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Abstract
The N-end rule is a conserved degradation pathway that relates the stability of a
protein to its N-terminal amino acid. Here, we present crystal structures of CIpS, the
bacterial N-end rule adaptor, alone and engaged with peptides containing N-terminal
phenylalanine, leucine, and tryptophan. These structures, together with a previous
structure of CIpS bound to an N-terminal tyrosine, illustrate the molecular basis of
recognition of the complete set of primary N-end rule amino acids. In each case, the a-
amino group and side chain of the N-terminal residue are the major determinants of
recognition. The binding pocket for the N-end residue is preformed in the free adaptor,
and only small adjustments are needed to accommodate N-end rule residues having
substantially different sizes and shapes. M53A CIpS is known to mediate degradation of
an expanded repertoire of substrates, including those with N-terminal valine or
isoleucine. A new structure of Met53A CIpS engaged with an N-end rule tryptophan
reveals an essentially wild-type mechanism of recognition, indicating that the Met53 side
chain directly enforces specificity by clashing with and excluding p-branched side
chains. Finally, experimental and structural data suggest mechanisms that make
proteins with N-terminal methionine bind very poorly to CIpS, explaining why these high
abundance proteins are not degraded via the N-end rule pathway in the cell.
Introduction
Regulated intracellular proteolysis is crucial in many physiological processes,
including the elimination of misfolded or truncated proteins, the initiation of appropriate
transcriptional responses to cellular stress, and the control of protein life span
(Gottesman, 2003; reviewed in Sauer et al., 2004; Hanson et al., 2005; Mogk et al.,
2007). In organisms ranging from bacteria to mammals, intracellular degradation is
frequently catalyzed by multisubunit AAA+ proteolytic machines. The critical step in
degradation is recognition. In bacteria, AAA+ proteases recognize appropriate
substrates via short accessible peptide sequences, called degradation tags or degrons
(Mogk et al., 2007; Baker and Sauer, 2006). After binding, the protease uses repetitive
cycles of ATP hydrolysis to unfold the substrate and then to translocate the denatured
polypeptide into a sequestered chamber for degradation. The degrons of substrates can
be recognized directly by the protease or recognized in an assisted fashion with the
help of accessory proteins, called adaptors, which can deliver specific substrates to the
protease and/or prevent degradation of other classes of substrates.
CIpS is a bacterial adaptor protein that delivers N-end rule substrates to the
AAA+ CIpAP protease (Dougan et al., 2002; Guo et al., 2002; Zeth et al., 2002; Erbse et
al., 2006; Wang et al., 2007; Hou et al., 2008). The N-end rule proteolytic pathway
relates the half-life of a protein in vivo to the identity of its N-terminal residue
(Varshavsky, 1996). In bacteria, four hydrophobic residues - Tyr, Phe, Trp, and Leu -
serve as primary N-end rule degradation signals (Tobias et al., 1991). CIpS facilitates
degradation by binding directly to these signals and also to the N-terminal domain of
CIpA. A specific family of E3-ubiquitin ligases recognizes eukaryotic N-end rule
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substrates and covalently modifies them with a polyubiquitin chain, which marks these
substrates for degradation by the proteasome (Bartel et al., 1990; Tasaki et al. 2007).
This family of E3 ligases shares a region of homology to CIpS (Lupas et al., 2003),
suggesting that eukaryotic and prokaryotic systems use a common mode of N-end rule
recognition.
The crystal structure of CIpS bound to the N-terminal domain of CIpA is known
(Guo et al., 2002; Zeth et al., 2002), as is the structure of CIpS in complex with a
peptide containing an N-terminal tyrosine (Wang et al., 2008b). Here, we present CIpS
structures bound to peptides with N-terminal Trp, Phe, and Leu, the remaining primary
N-end rule residues of bacteria. We also report the structure of the free CIpS adaptor.
Together, these CIpS structures reveal the molecular principles of N-end rule
recognition. In all cases, the unique a-amino group of the N-terminal amino acid is
recognized via three highly specific hydrogen-bonding interactions. Two of these
hydrogen bonds are made directly by conserved CIpS residues, and a third involves a
water molecule that bridges the a-amino group and a conserved CIpS side chain in all of
the peptide-bound structures. The N-terminal side chains of the peptides bind in a deep
hydrophobic pocket, which is also present in unliganded CIpS. Small changes in the
structure of this pocket accommodate the binding of certain N-end rule side chains.
Although interactions of CIpS with other parts of the bound peptide are observed in
some structures, none of these contacts are conserved. It has been shown that M53A
CIpS recognizes the standard set of N-end residues but also mediates degradation of
substrates with N-terminal Val or Ile (Wang et al., 2008b). We demonstrate that M53A
CIpS recognizes an N-end rule peptide in exactly the same fashion as wild-type CIpS
but has an expanded binding pocket that accounts for the extended substrate repertoire
of this mutant. Model building shows that an N-terminal methionine could bind wild-type
CIpS, but we find that the affinity of this interaction is extremely weak, providing
protection for the enormous number of bacterial proteins that start with this amino acid.
Results
Crystal structures
For structural studies, we used a truncated variant of Caulobacter crescentus
CIpS (residues 35-119), which is stably folded and binds N-end rule peptides (Wang et
al., 2008b). We crystallized the free protein and complexes with peptides containing an
N-terminal Trp, Leu, or Phe. The crystals belonged to space group P21 or P212121 and
diffracted to resolutions of 2.1 A (apo), 1.5 A (Trp), 1.85 A (Leu), and 2.4 A (Phe) (Table
3.1). Molecular replacement was used to obtain initial phases, and the structures were
refined (Table 3.1). The quality of the electron-density maps ranged from very good to
excellent (Figure 3.1, A).
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Figure 3.1 Structures of CIpS reveal a common fold and conserved mechanism of
peptide recognition.
(A) Representative electron density (contoured at 1.25 a) from a 2Fo - F. map for
residues 78 and 79 of CIpS chain A and the N-terminal Trp-1 of the peptide in the Trp-
bound ClpS structure.
(B) Alignment of backbone Ca positions for the apo structure (light blue), the Leu-bound
structure (orange), the Trp-bound structure (green), and the Tyr-bound structure (red) of
C crescentus CIpS and the E. coli CIpS structure (pink; Protein Data Bank ID
codel R60) from a complex with the CIpA N-terminal domain.
(C) Hydrogen bonds between the a-amino group of the N-end Trp residue, a water
molecule (red sphere) and CIpS. Atom colors are: oxygen (red), nitrogen (blue), and
carbon (dark blue for CIpS, pink for the peptide).
The structure of the free C. crescentus CIpS adaptor was extremely similar to the
peptide-bound structures of the same protein and to the structure of E. coli CIpS in
complex with the N-terminal domain of CIpA (Figure 3.1, B) (r.m.s.d. < 0.5 A for
backbone atoms in all comparisons). This result indicates that no substantial
rearrangements of the polypeptide backbone of CIpS occur upon binding of the adaptor
to either N-end rule substrates or to CIpA.
Peptide recognition
In each of the three new peptide-bound CIpS structures, the a-amino group of the
peptide was coordinated by a set of three conserved hydrogen bonds: one with the side
chain of H is79, one with the side chain of Asn47, and one with a water molecule that also
hydrogen bonds to the side chain of Asp49 and the backbone carbonyl oxygen of the
same peptide residue (see Trp example, Figure 3.1, C). The same set of hydrogen
bonds was observed in the cocrystal structure of CIpS with an N-terminal Tyr peptide
(Wang et al., 2008a). Thus, CIpS recognizes the a-amino group of different N-end rule
peptides by a completely conserved mechanism. Similarly, in each new cocrystal
structure, the N-terminal peptide side chain (Trp, Phe, or Leu) packed into the deep
hydrophobic pocket on the CIpS surface (Figure 3.2), which was occupied by a Tyr in
the structure reported by Wang et al. (2008a).
Figure 3.2 The hydrophobic binding pocket of CipS.
Views of the pocket from the apo structure and structures with bound Leu, Phe, and Trp
peptides are shown. In each case, the N-end rule peptide is shown in stick
representation (pink carbons), and C. crescentus CIpS residues 45, 48, 49, 51, 53, 56,
75, 78, 79, and 112 are shown in surface representation.
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Although additional contacts between CIpS and the bound peptides were present
in some structures, none of these interactions were conserved. Collectively, this
complete set of cocrystal structures demonstrates that CIpS binds to different N-end
rule substrates in the same fashion, with the a-amino group of the peptide and the
identity of the N-terminal side chain serving as the principal recognition determinants.
Relatively poor electron density was observed for peptide residues other than the N-end
position. Moreover, although contacts between CIpS and the second or third peptide
residues were present in some structures, these interactions were not conserved
among the different structures.
Interestingly, otherwise identical peptides with Leu, Phe, Tyr, or Trp at the N-
terminus all bind to CIpS with affinities between 150 and 500 nM (Wang et al., 2008b).
The cocrystal structures suggest that these similarities in binding affinity may occur, in
part, because the binding pocket of CIpS accommodates variations in size, shape, and
polarity between these N-end rule side chains.
The hydrophobic binding pocket of CIpS is comprised of side chain and/or main
chain atoms from residues lie45, Leu 46, Asn47, Asp 48, Asp49, Thr5 l, Met53, Val56, Met75,
Val78, His79 , and Leu112 (Figure 3.2). Subtle changes in the positions of these amino
acids were observed in some structures, allowing accommodation of different N-end
side chains. The largest changes were observed between the structure with the
smallest N-end rule side chain, Leu, bound in the pocket and all of the other structures,
including the peptide-free structure. Specifically, when the pocket was occupied by Leu,
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the conformations of several residues in the deepest part of the pocket changed to fill
voids that would otherwise have been left. These changes include new side-chain
rotamers for Ile45 and Leu 46, and inward movements of approximately 1 A of the side
chains of Val78 and Leum'2 (Figure 3.3, A). The net effect of these structural
rearrangements is that a Leu side chain and a Trp side chain pack into the hydrophobic
pocket almost equally tightly.
The side chains of Trp and Tyr also have polar atoms that need to form hydrogen
bonds in the pocket to compensate for interactions that these groups would normally
make with water in the unbound state. For Trp, the indole -NH of the side chain
satisfies this requirement by donating a hydrogen bond to the main-chain carbonyl
oxygen of Met75 of CIpS (Figure 3.3, B). For Tyr, the phenolic -OH donates a hydrogen
bond to the main-chain carbonyl oxygen of Leu46 (Figure 3.3, C) (Wang et al., 2008b).
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Figure 3.3 Side-chain specific changes in the CIpS binding pocket.
(A) Overlay of the binding pockets from the apo structure (red) and the Leu-bound
structure (yellow). New side-chain rotamers are adopted by CIpS residues lie4 5 and
Leu46 to fill voids in the deepest part of the pocket and several other groups move to
improve packing with the Leu side chain (pink). A van der Waals surface for Ile45 and
Leu 12 in the Leu-bound pocket is shown by the yellow clouds; the surface of Leul of the
peptide is in pink.
(B) The indole -NH of the N-end Trp side chain donates hydrogen bond to the
backbone carbonyl oxygen of Met75 in the binding pocket of CIpS. (C) The phenolic
-OH of the N-end Tyr side chain donates a hydrogen bond to the backbone carbonyl
oxygen of Leu46 in the binding pocket of CIpS (Protein Data Bank ID code 3DNJ; Wang
et al., 2008a).
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Peptide recognition by an expanded specificity mutant
Wild-type CIpS does not recognize substrates with N-terminal Val or lie.
However, Wang et al. (2008a) showed that a mutant of E. coli CIpS could bind and
deliver these classes of substrates for degradation if it contained a Met->Ala
substitution at the position corresponding to Met 53 in the C. crescentus adaptor. We
expressed the M53A mutant of C. crescentus CIpS and obtained crystals in complex
with a peptide with an N-terminal Trp. The structure revealed that the M53A variant
recognizes the N-end rule peptide using the same fundamental mechanism as wild-type
CIpS (Figure 3.4). The a-amino group of the peptide formed the same conserved
network of side-chain and water mediated hydrogen bonds (Figure 3.4, B), and the Trp
side chain packed into the hydrophobic pocket in the same manner observed in the
wild-type structure (Figure 3.4, A).
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His79 Asn47 Figure 3.4 Structure of CIpSM53 A
bound to the Trp peptide.
Met53
(A) Overlay of the parts of the binding
pockets in the Trp-bound C pS 3A
Met53Ala
structure (orange) and Trp-bound wild-
B Met53A CIpS Asp49 type CIpS (blue). The N-end Trp is
shown in pink.
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The only significant differences between the wild-type and mutant structures was
the presence or absence of the Met53 side chain, which forms part of the hydrophobic
pocket (Figure 3.4, A). Thus, the mutant has a larger binding pocket. Based on
modeling studies, Wang et al. (2008a) predicted that the p-branched side chains of Val
or lie would clash with the Met53 side chain. Indeed, when we modeled Val or lie into the
binding pocket of the M53A mutant, there were no steric clashes. Hence, our structural
studies support the idea that the Met53 side chain plays an important role in specificity
by excluding p-branched side chains from the binding pocket.
Substrates with N-terminal methionine
Although p-brached side chains are sterically excluded from the CIpS binding
pocket, this is not true of Met. Indeed, modeling studies showed that a Met side chain
could be accommodated in the binding pocket observed in the Tyr-bound CIpS structure
(Wang et al., 2008a). Nevertheless, proteins with N-terminal Met are not recognized as
N-end rule substrates (Erbse et al., 2006; Tobias et al., 1991). This selectivity is
biologically important, as the majority of bacterial proteins have an N-terminal Met
(Frottin et al., 2006; Link et al., 2000).
We considered the possibility that Met might be sterically allowed in the larger
pocket observed in the apo, Trp-bound, Tyr-bound, and Phe-bound structures but not in
the smaller pocket that optimizes packing of Leu. However, we were able to model Met
into this smaller pocket without significant steric clashes (Figure. 3.5, A). Nevertheless,
only a single Met rotamer (mmt) was allowed, and this rotamer is found in only 2% of
the methionines in the structure database (Lovell et al., 2000). By contrast, the Leu
rotamer in our structure is observed in 59% of all cases. If we assume that the
distribution of side-chain rotamers in native structures approximates the distribution in
unstructured molecules in solution, then we can calculate the expected reduction in
side-chain entropy upon binding of a peptide with an N-terminal Leu or Met to CIpS. The
side-chain entropic penalty for Leu binding at 37 0C is 0.3 kcal/mol (-RT-/n[0.59]),
whereas that for Met is 2.4 kcal/mol (-RT-/n[0.02]). Hence, the free energy of Met
binding to CIpS would be reduced by roughly 2.1 kcal/mol compared to Leu and its
affinity would be 30-fold lower based on considerations of side-chain entropy alone.
To probe for any CIpS-mediated CIpAP degradation of a substrate with an N-
terminal Met, we assayed proteolysis of a 35S-labeled variant of titin-127 by release of
acid-soluble radioactivity (Figure 3.5, B). Degradation was extremely slow. The rate
changed linearly with substrate concentration, allowing us to calculate Vmax/Km but not
values for either individual kinetic constant. We estimated a KM value 200 to 600 pM, by
assuming a Vmax value between 2 and 6 min-lenz 1, which have been reported for CIpS-
mediated CIpAP degradation of titin-127 substrates with authentic N-end residues
(Wang et al., 2007). These estimated Km values suggest that CIpS interacts with
proteins carrying an N-terminal Met approximately 1000-fold more weakly than it
interacts with substrates carrying true N-end rule residues. For example, changing the
N-terminal Met of the titin-127 substrate used above to Tyr reduces the Km for
degradation to 600 nM (Wang et al., 2007).
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Figure 3.5 Met binds poorly to the CIpS recognition pocket.
(A) An N-terminal Met side chain (green) was modeled into the binding pocket from the
Leu-bound CIpS structure. Note that the Leu (pink) side chain and Met side chain share
common Ca, Cs, and Cy positions. The C62 of Leu and S6 of Met are also close.
However, the Leu C51 and Met CE occupy very different positions.
(B) Kinetics of degradation of 35S Met-titin-127 degradation by CIpAPS.
(C) CIpS binds poorly to a peptide containing N-terminal Met (red) or Nie (black) but
binds tightly to an identical peptide with an N-terminal Leu (blue) (KD = 214 nM). Peptide
binding was measured by change in fluorescence anisotropy. (/nset) From top to
bottom, Leu, Met, and NIe side chains.
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Because changes in side-chain entropy appear to account for only about half of
the expected reduction in binding of CIpS to a substrate with an N-terminal Met, we
considered the possibility that the sulfur in the Met side chain is less hydrophobic than a
methylene group or packs less well into the CIpS pocket. To test this model, we
synthesized two fluorescein-labelled peptides that differed only in having Met or
norleucine (Nle) at the N-terminus and measured binding to CIpS by fluorescence
anisotropy. Both peptides bound weakly to ClpS, and, in each case, binding was not
saturated at the highest peptide concentration that could be tested (Figure 3.5, C).
Nevertheless, the peptide with the N-terminal NIe bound no more tightly to CIpS than
the peptide with the N-terminal Met. Because Met and Nle differ only in the presence of
a sulfur atom or methylene group at the 6 position of the side chain, we conclude that
poor CIpS binding of the Met peptide is not a consequence of the presence of the sulfur.
Leu is branched at the y position, whereas Nle and Met are unbranched. As a
consequence, the C61 methyl group of Leu occupies a very different position in the
CIpS pocket than the position modeled for the CE methyl group of Met or Nle (Figure
3.5, A). Hence, it seems likely that these differences in structure give rise to changes in
van der Waals packing, which favor Leu over its straight-chain cousins. Thus,
considerations of packing and side-chain entropy could plausibly account for the fact
that an N-terminal Leu binds CIpS roughly 1000-fold more tightly than an N-terminal Met
or Nle.
Discussion
The CIpS adaptor recognizes substrates bearing N-terminal Tyr, Leu, Phe, or Trp
side chains and delivers them to the CIpAP protease for degradation (Erbse et al., 2006;
Wang et al., 2007). We previously reported the structure of C. cresentus CIpS bound to
an N-end Tyr peptide (Wang et al., 2008a), and, here, present structures of the peptide-
free adaptor and complexes with peptides with N-terminal Leu, Phe and Trp. Despite
differences in size and shape, the N-terminal side chain of each peptide fits snugly into
a hydrophobic pocket on CIpS. In each case, the peptide a-amino group also forms
three conserved hydrogen bonds either directly with CIpS side chains or via an invariant
water molecule, which itself hydrogen bonds to the peptide and to CIpS. Thus, CIpS
binds all N-terminal residues of the N-end rule pathway in a very similar manner. In all
of the peptide-bound CIpS structures, only a few contacts are observed with additional
residues of the peptide and these interactions are not conserved. This result is
consistent with biochemical studies that show that amino acids after the first peptide
position play only minor roles in CIpS affinity (Wang et al., 2007; Wang et al., 2008b).
CIpS is homologous to an E3 ubiquin ligase domain that mediates N-degron recognition
in eukaryotes (Lupas et al., 2003), suggesting that the mode of N-end substrate
recognition is highly conserved in all organisms.
Although all primary N-end rule side chains are generally hydrophobic, they vary
substantially in size and shape. For example, the side chain of Trp is substantially larger
than that of Leu. Nevertheless, CIpS interacts with substrates carrying either of these N-
terminal residues with similar affinities (Wang et al., 2007; Wang et al., 2008b). Our
structures help understand this observation. Although no global structural changes
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occur upon CIpS binding to N-end rule peptides, we do observe minor adjustments in
the hydrophobic pocket. For example, several CIpS side chains that form the pocket
adopt new rotamer conformations or move inward to ensure tight packing around the
smaller Leu side chain. These movements eliminate potentially unfavorable voids or
cavities in the Leu-bound structure.
The hydrophobic pocket in peptide-free CIpS is essentially identical in structure
to the pockets in the Trp-bound, Tyr-bound, and Phe-bound structures. Thus, the only
conformational adjustments that would be required for binding of peptides with these N-
terminal residues would involve selection of the proper N-end rotamers, which were
generally the most frequently observed in the protein data bank. Thus, other than loss of
translational and rotation degrees of entropic freedom, only a small additional
conformational entropic cost would accompany binding of these N-end rule residues to
CIpS.
s-branched amino acids, such as Val, are not recognized as N-end residues by
CIpS, and thus proteins bearing this N-terminal residue are not degraded by this
pathway (Erbse et al., 2006; Tobias et al., 1991; Wang et al., 2008a). Indeed based on
predictions and direct measurements, between 2 and 3% of proteins in the E. coli
proteome are thought to begin with Val, because methionine aminopeptidase removes
the initiator Met from proteins that are synthesized with Met-Val at the N-terminus
(Frottin et al., 2066; Liao et al., 2004; Bradshaw et al., 1998). Wang et al. (2008a)
demonstrated that the Met53 side chain in CIpS plays a major role in excluding Val and
lie, as the restriction against these p-branched residues was relieved when the
"gatekeeper" Met was replaced by Ala. Here, we showed that M53A CIpS binds an N-
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end rule peptide using exactly the same recognition contacts as wild-type CIpS. Indeed,
the only substantial difference in the M53A cocrystal structure was the absence of the
Met5 3 side chain (Figure 3.4, A). Because the binding pocket in the M53A adaptor is not
distorted and modeling shows that that the Met5 3 side chain in the wild-type pocket
would clash with @-branched side chains, simple steric exclusion ensures that CIpS
does not target proteins with N-terminal Val or other P-branched residues for CIpAP
degradation.
Previous studies indicate that bacterial proteins with N-terminal Met are not
targeted for N-end rule degradation (Erbse et al., 2006; Wang et al., 2007; Tobias et al.,
1991). Because Met has a relatively hydrophobic side chain, which often substitutes for
Leu in protein structures (Lipscomb et al., 1998), it was not immediately apparent how
unwanted CIpS-mediated degradation of proteins with N-terminal Met is avoided. We
find that substrates with N-terminal Met bind CIpS with roughly 1000-fold reduced
affinity when compared with authentic N-end rule residues. Two principal mechanisms
appear to be responsible for feeble binding. First, only a single relatively rare Met
rotamer can be accommodated in the CIpS pocket without significant steric clashes.
Based on the low frequency at which this rotamer occurs in the protein data bank, we
estimate that, upon binding, the loss of conformational side-chain entropy alone would
reduce Met affinity for CIpS roughly 30-fold compared to Leu. Moreover, this Met
rotamer does not fill the pocket as efficiently as does Leu. Thus, we suspect that poorer
van der Waals packing accounts for the remaining loss of binding affinity of CIpS for an
N-terminal Met side chain. We found that Met and its isostere, Nle, bound with similar
affinity to CIpS. Thus, the weak binding of Met to CIpS does not appear to be a function
of the sulfur atom in this side chain.
Our cocrystal structures of CIpS bound to each of the four primary N-end rule
residues reveal a simple set of chemical and physical principles that govern N-end
recognition by this proteolytic adaptor. These structures, mutant analysis, and
biochemical experiments show that the landscape or N-end rule specificity depends
both on positive and negative features of recognition and exclusion. These principles of
specificity will likely be important to dictating substrate choice in other AAA+ protein
adaptors.
Materials and Methods
Proteins and Peptides
Variants of C. crescentus ClpS 35-119 were used for all structural experiments (Wang et
al., 2008a) E. coli CIpS and E. coli CIpAP were purified as described (Wang et al., 2007;
Maurizi et al., 1990; Kim et al., 2000). Peptides used for binding studies (NH2-
MLYVQRDSKEC-COOH; NH2-Nle-LYVQRDSKEC-COOH; and NH2-LLYVQRDSKEC-
COOH) were synthesized by standard FMOC technique using a solid phase peptide
synthesizer (Apex 396), labeled with fluorescein maleamide (Thermo Scientific), and
purified by HPLC. Peptides used for crystallography were synthesized (NH2-
WLYVQRDSKE-COOH) or purchased from Sigma (NH2-LLL-COOH and NH2-FGG-
CCOH).
Peptide binding and protein degradation assays.
Binding of fluorescein-labelled peptides to CIpS was measured by monitoring changes
in fluorescence anistropy at increasing CIpS concentration using a Photon Technology
International instrument as described (Wang et al., 2008b). Protein degradation was
also performed as described (Wang et al., 2008b). Briefly, rates of degradation of aS_
labelled variants of titin-127 were measured as a function of substrate concentration with
0.5 pM E. coli ClpA6, 1.0 pM E. coli CIpP 14 , and 4.5 pM E. coli CIpS. Degradation was
initiated by the addition of an ATP-regeneration mix (4 mM ATP, 50 mg/mL creatine
kinase, and 5 mM creatine phosphate). Time points were removed at 10 min intervals
for 30 min, and degradation was quantified by the release of 3 5S-peptides that were
soluble in TCA. Degradation rates were normalized by dividing by the total CIpA 6
concentration.
Crystallography
Crystals of C. crescentus CipS35-119 or the M53A variant were grown with or without
added peptide at 20 *C in hanging drops containing 0.5 pL of CIpS (3-5 mg/mL) in 10
mM Hepes (pH 7.5), 200 mM KCI, and 1 mM DTT mixed with 1.5 pL of reservoir
solution containing 0.1 M bis-Tris-HCI (pH 5.5), 0.2 M MgCI 2 (0.025 M for peptide-free
crystals), and 14-25% PEG 3350.
Crystals were frozen without additional cryoprotection. X-ray diffraction data for the Leu,
Trp and M53A mutant CIpS were collected on a Rigaku MicroMax007-HF rotating
anode source equipped with Varimax-HR mirrors, an RAXIS-IV detector, and an Oxford
cryo-system. Diffraction data for the free adaptor (Apo) and the Phe cocrystal structure
were collected at the NE-CAT 24-ID-E beamline at the Argonne National Labs
Advanced Photon Source. Data were processed with HKL-2000 (Otwinowski et al.,
1997). Initial phases for all structures were obtained by molecular replacement using the
previously published C. crescentus structure (3DNJ) as a search model in PHASER
(Storoni et al., 2004). COOT was used for model building (Emsley et al., 2004), and
PHENIX was used for refinement (Adams et al., 2002). Atomic coordinates have been
deposited in the Protein Data Bank under the following accession codes:
CIpS-Leu (3G1); apo-CIpS (3GQO); CIpS-Trp (3GQ1); ClpSM53A-Trp (3G1B); ClpS-Phe
(3GW1).
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Table 3.1 Refinement Statistics
Rsym = h j Ilj(h) - <h(h)>1 /Yjhj <l(h)>, where l(h) is the jth reflection of index h and
<1(h)> is the average intensity of all observations of I(h)
Rwork = Xh |Fobs(h) - Fcalc(h)|| /7 h IFobs(h)|, calculated over the 95% of the data in the
working set. Rfree equivalent to Rwork except calculated over the 5% of the data
assigned to the test set
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Table 1. Crystallographic Data and Refinement Statistics
Protein CIpS-apo ClpS-Trp CIpS-Leu CIpS-Phe M53A-Trp
Data Set
d 2.10A 1.50A 1.85A 2.40A 1.45A
0.97927A 1.5418A 1.5418A 0.97927A 1.5418A
Space P21  P21  P212121  P21  P21
Group
Cell (a,b,c) (27.7,38.5,62 (33.5,53.9,4 (28.6,34.4,71 (27.6,38.32,62. (33.6,54.8,44
A .6) 5) .7) 86) .9)
(a, P, y)* (90,88.4,90) (90,110.3,9 (90,90,90) (90,90.1,90) (90,110.5,90)
0)
Rsym(%) 14.1 (43.5) 4.6(13.0) 4.3(11.6) 11 (31.8) 5.7(8.1)
# ref 7983 21297 5661 4895 23780
Completene 98.2 87.6 87.1 96.1 88.7
ss (94.5) (46.1) (51.4) (96.8) (47.7)
(%)
redundancy 10.5 7.2 6.0 2.8 5.2
(8.2) (6.1) (3.1) (2.6) (3.1)
Rwork 0.221 0.160 0.185 0.280 0.173
Rfree 0.264 0.180 0.212 0.320 0.194
CHAPTER FOUR:
The CIpS adaptor mediates staged delivery of N-end-rule substrates to the AAA+
CIpAP protease
This chapter has been submitted for publication as Roman-Hernandez G, Hou JY,
Grant RA, Sauer RT, and Baker TA 2011. Mol Cell. G. Roman and J. Hou performed
the experiments. The FeBABE experiments (Figure 4.7 Panel A, B and C) and the
experiments of Figure 4.5 Panel A, were done by J. Hou the rest by G. Roman. The re-
refinements of all the CIpS structures were done by R.T. Sauer. G. Roman, R.T. Sauer,
and T.A. Baker wrote and submitted the manuscript.
Abstract
The CIpS adaptor protein delivers N-end-rule substrates to ClpAP, an energy-
dependent AAA+ protease, for degradation. How CIpS binds specific N-end residues is
known in atomic detail and clarified here, but the overall delivery mechanism is poorly
understood. We show that substrate binding is enhanced substantially when CIpS binds
hexameric CIpA. Reciprocally, N-end-rule substrates increase CIpS affinity for CIpA 6.
Enhanced binding requires the substrate N-end residue and peptide bond; multiple
features of ClpS, including a side chain that contacts the substrate a-amino group and
two regions of a flexible N-terminal extension (NTE); and the N domain and AAA+ rings
of CIpA, connected by a sufficiently long linker. The NTE can be engaged by the ClpA
translocation pore, but CIpS resists unfolding/degradation. We propose a staged-
delivery model that illustrates how intimate contacts between the substrate, adaptor,
and protease reprogram specificity and coordinate handoff from the adaptor to the
proteolytic machinery.
Introduction
The N-end rule relates degradation susceptibility to a protein's N-terminal amino
acid (Bachmair et al., 1986; Varshavsky, 2008). In bacteria, four N-terminal residues
(Tyr, Phe, Trp, and Leu) serve as primary N-end degrons (Tobias et al. 1991). The CIpS
adaptor binds these residues and delivers attached substrates to the AAA+ CIpAP
protease for degradation (Erbse et al., 2006; Wang et al., 2007). In eukaryotes, a family
of E3 ubiquitin ligases with a region homologous to CIpS recognizes and covalently
modifies N-end-rule substrates with polyubiquitin, targeting these modified proteins to
the proteasome (Lupas et al., 2003; Tasaki and Kwon, 2007).
ClpAP, one of five degradation machines in Escherichia coli, consists of the
CIpP 14 protease and CIpA unfoldase, which is active as a hexamer composed of two
AAA+ rings (D1 and D2) and also carries a family-specific N domain, which is flexibly
attached to the D1 ring (Gottesman et al., 1992; Cranz-Milleva et al., 2008; Effantin et
al., 2010). Using the energy of ATP binding and hydrolysis, machinery in the axial pore
of CIpA 6 unfolds and translocates protein substrates through this pore and into the
CIpP 14 chamber (Figure 4.1, A; Hinnerwisch et al., 2005; Kress et al., 2009).
E. coli CIpS has a folded core domain (residues 26-106) and a poorly structured
N-terminal extension (NTE; residues 1-25; Figure 4.1, B; Zeth et al., 2002; Guo et al.,
2002). Importantly, the NTE is required for delivery of N-end-rule substrates, although it
is not needed to bind substrates or CIpA, and shows little evolutionary sequence or
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length conservation (Figure 4.6, Hou et al., 2008). Crystal structures are known for E.
coi CIpS bound to the N domain of E. coi CIpA, and for E. coi or Caulobacter
crescentus CIpS bound to peptides beginning with Tyr, Phe, Trp, and Leu (Zeth et al.,
2002; Guo et al., 2002; Xia et al., 2004; Wang et al., 2008a; Roman-Hernendez et al.,
2009; Schuenemann et al., 2009). In each N-end-rule complex, the side chain of the N-
end residue is completely buried in a deep hydrophobic pocket of CIpS and the adaptor
makes additional contacts with the a-amino group and first peptide bond. Differences in
E. coi and C. crescentus CIpS binding to N-end-rule peptides have been proposed
(Dougan et al., 2010), but we present evidence here for equivalent recognition by these
highly homologous adaptors.
Several obstacles challenge CIpS delivery of substrates to CIpAP. For example,
CIpS docks with the N domain of CIpA, which is flexibly attached to the D1 ring. As a
consequence, the N domain can assume multiple orientations and docking of
CIpS-substrate could easily leave the substrate more than 80 A from the axial pore of
the D1 AAA+ ring, where unfolding/translocation initiates (Cranz-Mileva et al., 2008;
Effantin et al. 2010). A similar issue occurs for the proteasome, where many substrates
dock with receptors at sites far from the enzyme's processing center (Striebel et al.,
2009). Moreover, some experiments indicate that CIpS and CIpA both appear to
recognize the very N-terminal segment of N-end rule substrates (Wang et al., 2007).
Because the N-terminal side chain is buried in CIpS, substrate handoff to the CIpA pore
would need to be actively promoted. However, little is known about the factors that
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control interactions between N-end-rule substrates, CIpS, and CIpA during substrate
delivery.
Here, we dissect molecular interactions responsible for assembly of functional
delivery complexes. We present evidence for complexes of ClpA6, CIpS, and substrate
that differ markedly in stability and delivery activity. The most stable complex requires
interactions mediated by the CIpS NTE, a ClpS residue that contacts the substrate N
terminus, the substrate N-end residue and peptide bond, the AAA+ rings of CIpA, and a
sufficiently long linker between the N domain and D1 domain of CIpA. Efficient substrate
delivery also requires residues 13-25 of the NTE and several lines of evidence support
that this step involves NTE engagement by the ClpA6 translocation machinery. These
and additional results support a model in which formation of a high-affinity delivery
complex reduces the mobility of the adaptor-bound substrate and positions the N-
terminus of the substrate close to pore of the D1 AAA+ ring. This staged delivery
mechanism illustrates an attractive general model to explain how substrates/adaptors
that initially dock far from a AAA+ protease's active center may be localized to the site
where they are eventually processed.
Results
CIpS structures with N-end-rule peptides are highly conserved and unstrained
E. coli CIpS has been extensively used for studies of function (Dougan et al.,
2002; Erbse et al., 2006; Wang et al., 2007a; 2008b; Hou et al., 2008; Roman-
Hern ndez et al., 2009; Schuenemann et al., 2009). However, a structure of the free
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protein had not been solved, leaving open the possibility that a conformational change
occurs upon substrate and CIpA N domain binding. Moreover, conflicting structures
suggested that details of N-end-rule recognition might differ in potentially important
ways between the E. coli and C. crescentus adaptors (Dougan et al., 2010). We
crystallized E. coli ClpScore (residues 26-106), and solved the structure at 1.4-A
resolution (Table 4.1). The backbone structure was similar to previously reported E. coli
CIpS structures bound to the CIpA N domain or to N-end-rule peptides (Figure 4.1, B;
Zeth et al., 2002; Guo et al., 2002; Xia et al., 2004; Schuenemann et al., 2009). Thus,
major changes in the conformation of the CIpS core domain do not accompany N-
domain or N-end-rule substrate binding. Validation of our CipScOr structure by
MolProbity (Davis et al. 2007) revealed excellent geometry (Table 4.1). By contrast,
analysis of the 2W9R, 2WA8, and 2WA9 complexes of E. coli CIpS with N-end-rule
peptides (Schuenemann et al., 2009) revealed bad rotamers, poor bond angles,
Ramachandran outliers, Cp deviations, and unexpected cis peptide bonds (Table 4.1),
which could arise if N-end-rule binding introduced strain or if these structures were
incorrect. To resolve these issues and gain deeper insight into substrate recognition by
CIpS, we re-refined these complexes, producing structures with no geometric anomalies
and substantially improved refinement statistics (Table 4.1). Thus, binding of N-end-rule
substrates does not introduce strain within CIpS.
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Figure 4.1. N-end-rule substrate recognition
A) In bacteria, the CIpS adaptor (light blue) recognizes and binds N-end-rule substrates
(pink) and delivers them for degradation by the CIpAP protease.
B) Top: CIpS has a flexible NTE required for N-end-rule substrate delivery and a folded
CipScore domain, which binds N-end-rule substrates. The DALKPPS sequence at the
NTE-core junction is important for adaptor function. Bottom: Backbone Ca superposition
(r.m.s.d. < 0.5 A) of CIpScore (301F, green), a peptide-bound CIpS structure (2W9R,
red), and CIpS from a complex with the CIpA N domain (1 R60, blue).
C) Left panel: In the rerefined 2WA9 structure, the side chain of Leu 22 from an adjacent
CIpS subunit was bound in the N-end-rule binding pocket, and density (1) for Leu 22
Lys23, Pro24, and Pro25 was continuous with that for Ser 26, Met27, Tyr 28, and Lys29, which
are part of ClpScore. Right panel: The rerefined map for the 2WA9 structure contained
density (1.5 a) for eight CIpS subunits in the asymmetric unit, arranged head to tail in a
ring. The original 2WA9 structure (Schuenemann et al., 2009) had seven CIpS subunits,
each with a bound N-end-rule peptide.
D) In the rerefined 2W9R structure (right panel), the correct rotamer of the His66 side
chain makes good hydrogen bonds (dashed lines) with the a-NH3 group of the bound N-
end peptide and fits nicely into the electron density. In the original 2W9R structure
(Schuenemann et al., 2009; left panel), His66 rotamer chosen makes a poor hydrogen
bond with the carbonyl oxygen of the first peptide residue and does not fit optimally into
the electron density. In both panels, the electron density (1.25a) is from the rerefined
map.
Re-refinement allowed us to identify and correct additional errors. For example,
the 2WA9 structure purportedly contained an N-end-rule peptide with an N-terminal Trp
side chain, which was interpreted to be poorly ordered although it should have been
snugly bound in the CIpS hydrophobic pocket (Schuenemann et al., 2009). By contrast,
in our re-refined structure, a well-ordered Leu 22 side chain from the NTE of a
neighboring molecule occupied this pocket, with unambiguous electron density
connecting the intervening residues to the adjacent CIpSor* domain (Figure 4.1, C).
This same head-to-tail interaction was observed in eight CIpS molecules, which formed
97
a closed ring in the asymmetric unit (Figure 4.1, C). The original 2WA9 structure
contained seven subunits in the asymmetric unit, and the NTE density was incorrectly
interpreted as the N-end Trp peptide included during crystallization.
In the apo structure, the His66 side chain occupied part of the N-end binding
pocket. In the re-refined complexes, the His66 ND1 nitrogen hydrogen-bonded to the a-
amino group of the N-end residue, which required a 1800 side-chain flip from the original
structure, but the new position fit the electron-density well and made better chemical
sense (Figure 4.1, D). In the rerefined 2WR9 structure, the unprotonated ND1 nitrogen
of His66 accepts a hydrogen bond (1.9 A; 1700) from a peptide (-NH 3 proton. By
contrast, when we added hydrogens to the original 2WR9 structure using REDUCE
(Word et al., 1999), the nonpolar HD2 hydrogen of the His 66 ring clashed with a peptide
(--NH 3 proton, a hydrogen bond between the peptide carbonyl oxygen and the proton on
the NE2 nitrogen had poor geometry (2.6 A; 1170). Importantly, in the re-refined
complexes, contacts between E. coli CIpS and the N-terminal substrate residue were
essentially identical to those observed in complexes of N-end-rule peptides with C.
crescentus CIpS, including hydrogen bonds with the side chains of Asn 3 4 (Figure 4.1, D)
and a water molecule that bridges the a-amino group and Asp 35 side chain (Wang et al.,
2008a; Rom n-Hernandez et al., 2009). We conclude that the mechanism of recognition
of N-end-rule peptides by CIpS is highly conserved.
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Enhanced N-end-rule affinity requires the CIpS NTE and CIpA6
The NTE is required for substrate delivery (Hou et al., 2008), but its functional
role is obscure. We established that the NTE does not affect binary binding to N-end-
rule substrates, as intact CIpS and CIpScore bound to a fluorescent N-end-rule peptide
(LLYVQRDSKEC-fl) with comparable affinities (~3 pM) in assays monitored by
fluorescence anisotropy (Figure 4.2, A). Strikingly, ClpS binding to this peptide was
much tighter (-40 nM) in the presence of CIpA and ATPyS, which stabilizes CIpA
hexamers (Figure 4.2, B) (Note, the final value of the anisotropy measured is also
higher in the +ClpA case as well, as expected for the slower tumbling of the larger CIpA-
CIpS-peptide complex compared to a CIpS-peptide complex). Importantly, tighter
binding was not observed when CIpScore was used in place of intact CIpS, when the N
domain of CIpA or ANCIpA were used in place of CIpA, when CIpS or ATPyS were
omitted, or in presence of ATPyS alone (Figure 4.2A, 4.2B; data not shown). Thus, N-
end-rule binding by CIpS is substantially strengthened in an NTE-dependent manner by
interactions with the N domain and hexameric ring of CIpA6.
CIpS binding to fluorescent peptide
CIpS+ CIpAN
CIpScipe
4 8 12 16
CIpS variant (pM)
ClpS-ClpA6binding to fluorescent peptide
CIpS -CIpA6
CIpSce-CpA6
0 2 4 6
CIpS variant -CIpA6 (pM)
Figure 4.2. N-end-rule degrons bind more tightly to the CIpS-ClpA6 complex
A) A fluorescent N-end-rule peptide (LLYVQRDSKEC-fl; 200 nM) was bound with
similar affinities (KD ~3 pM) by CIpS, by CIpScore, and by CIpS in complex with the CIpA
N domain, as assayed by changes in anisotropy. The molecular weights and maximum
anisotropies of each complex differ.
B) Increasing concentrations of 1:1 molar mixtures of CIpA6 and CIpS or ClpScor* were
titrated against the LLYVQRDSKEC-fl peptide (100 nM). The CIpS-CIpA6 complex
bound more tightly (Kapp = 42 ± 6 nM) than the ClpScore-ClpA6 complex (Kapp = 1.5 ± 0.25
pM), demonstrating that the CIpS NTE is required for affinity enhancement. Assays
contained 4 mM ATPyS to promote CIpA hexamer formation.
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CIpS binds CIpA 6 more tightly in the presence of N-end rule peptides
We constructed CIpS* (C73V; C101S; E96C), which contains one surface-
exposed cysteine and was fully active in multiple functional assays, labeled it with
fluorescein (CIpS*F), and measured fluorescence anisotropy in the presence of
increasing concentrations of CIpA6 (stabilized by ATPyS). The fitted Kapp value was
-180 nM (Figure 4.3, A). Next, we assayed binding in the presence of excess
LLYVQRDSKEC, a Phe-Val dipeptide, or Trp-CONH2, all of which have good N-end-rule
side chains. In each case, CIpA 6 bound CIpS*F at least ~9-fold more tightly than in the
absence of ligand or with a MLYVQRDSKEC peptide (Figure 4.3, A). Although binding
was too tight to calculate accurate Kapp values, Trp-CONH2 enhanced CIpA6 affinity for
CIpS*F as well as the longer N-end-rule peptides. These data indicate that the N-
terminal residue and a few nearby atoms play the dominant role in enhanced binding.
If there are no ligand-induced conformational changes in CIpS, as the structures
demonstrate, then how does Trp-CONH2 enhance CIpA 6 binding to CIpS? Because the
side chain of Trp-cONH2 would be buried in CIpS, binding stimulation might involve
contacts between CIpA6 and exposed main-chain atoms of Trp-CONH2, or contacts
between CIpA6 and CIpS side chains whose conformations are stabilized by contacts
with Trp-cONH2. We tested if His66 in CIpS might participate in binding enhancement, as
this residue contacts the N-end residue of the substrate (Figure 4.1, D), the H66A
mutation increased Km and reduced Vmax for CIpAP degradation of N-end-rule
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substrates (Wang et al., 2008a), and His66 showed some flexibility in position when
comparing the apo and peptide-bound structures of E. coli ClpS (Figure 4.3, B).
Importantly, peptide-free H66ACIpS*F bound ClpA6 nearly as well as CIpS*F, but
peptide-bound H66ACIpS*F bound CIpA 6 -9-fold more weakly than the parent (Figure 4.3,
D). Although the H66A mutation reduces N-end affinity (Figure 4.3, C: Kapp = 560 nM vs
Kapp = 42 ± 6 nM for wild type), this experiment was performed using a peptide
concentration 35-fold higher than Kapp for H66ACIpS-ClpA 6 binding, ensuring that most
mutant CIpS proteins were peptide bound. Thus, the His66 side chain stabilizes a high-
affinity complex of CipA6, CIpS, and substrate.
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Figure 4.3. CIpS binds CIpA6 more tightly in the presence of N-end-rule peptides.
A) As assayed by anisotropy, CIpA6 bound 200 nM fluorescent CIpS*F tightly in the
presence 20 pM Trp-CONH2, LLYVQRDSKEC, or FV N-end-rule peptides (Kapp < 20 nM)
and more weakly in the absence of peptide or with 20 pM MLYVQRDSKEC peptide
(Kapp ~ 180 nM).
B) The H66 residue of CIpS is one of the side chains involved in the formation of one of
the three hydrogen bonds that the adaptor forms with the a-amino group of the N-end
degron. Overlay of the apo (green, PDB 301 F) and the peptide bound (blue, 2W9R)
crystal structures of the CIpS adaptor show no major global changes occur upon
peptide binding. The only major change is the rotation of the H66 side chain that needs
to move in order to accommodate the N-degron in the peptide binding pocket.
C) H66ACIpS-CIpA 6 complex binds weaker to an N-end-rule fluorescent peptide(LLYVQRDSKEC-fl) when compared to ClpS-ClpA6 (Kapp = 560 nM vs Kapp = 42 ± 6 nM
for wild type) but can be saturated.
D) CIpA6 bound CIpS*F (KD = 200 ± 6 nM) and H66ACIpS*F (KD = 345 ± 3 nM) with similar
affinities. Addition of 20 pM LLYVQRDSKEC N-end-rule peptide enhanced CIpA6 affinity
for CIpS*F substantially (Kapp = 20 ± 10 nM) but increased affinity for H66ACIpS*F only
modestly (Kapp = 178 ± 4 nM).
E) An N-end-rule ,eptide (LLYVQRDSKEC; 20 pM) enhanced binding of CIpS*F to
CIpA6 but not to ClpA6, which has shorter linker between the N and D1 domains(Cranz-Mileva et al., 2008).
F) Michaelis-Menten plots showed that substituting ALCIpA6 (4-residue linker) for CIpA6(26-residue linker) decreased Km and Vmax for CIpAPS degradation (100 nM CIpA6 orLCIpA6; 200 nm CIpP 14; 600 nm CIpS) of the N-end-rule substrate YLFVQELA-GFP.
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Deletion of the NTE in a CIpS*F variant reduced binary CIpA 6 affinity ~10-fold and
also reduced the anisotropy observed at binding saturation (Figure 4.4). De Donatis et
al. (2010) also reported that NTE deletion reduced binary ClpA6 affinity. These results
show that the NTE helps stabilize the CIpS-CIpA 6 complex, even in the absence of
substrate. Moreover, the NTE-mediated interaction appears to reduce the segmental
mobility of ClpA 6-bound CIpS (see Discussion).
0.18
O0.140.
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Figure 4.4 The CIpS NTE stabilizes the CIpAS complex. Deletion of the CIpS NTE
reduced affinity for CIpA6 ~10-fold, as assayed using the fluorescent CIpS*F and
CIpScore*F variants 200 nM). Note that maximal anisotropy was substantially lower for
the CipA6-ClpScore* complex, suggesting that NTE interactions reduce the mobility of
CIpS in the wild-type complex.
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CIpS-ClpA6 collaboration requires mobility of the CIpA N domain
The core domain of CIpS docks with the N domain of CIpA, which is flexibly
attached to the D1 ring by a linker. To determine if the linker was important for formation
of high-affinity ternary complexes, we used a CIpA variant in which the linker length was
reduced from 25 to 4 residues (ALCIpA; Cranz-Mileva et al., 2008). In the absence of
substrate, CIpS*F bound CIpA6 and ALCIpA 6 equally well (Figure 4.3, E). This result
suggests that the shorter linker does not prevent formation of the NTE-mediated
contacts with CIpA6. Importantly, however, when binding was measured in the presence
of N-end-rule peptide, ALCIpA 6 showed much weaker binding (Figure 4.3, E). Thus, the
mobility of the CIpA N domain plays an important role in forming stable ternary
complexes with CIpS and N-end-rule substrates. N-domain mobility is also important for
efficient CIpS delivery of N-end rule substrates for degradation. Analysis of the steady-
state kinetics of CIpAPS degradation of YLFVQELA-GFP revealed a 7-fold weaker Km and
3-fold lower Vmax when ALCIpA 6 was substituted for wild-type CIpA 6 (Figure 4.3, F). Thus,
a mobile CIpA N domain is important for formation of a stable ternary complex and
efficient substrate delivery to CIpAP. Using a substrate with a longer sequence between
the N-end residue and GFP, Cranz-Mileva et al. (2008) also found defects in
degradation using ALCIpA 6, albeit significantly smaller than those shown in Figure 4.3, F.
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Figure 4.5. A minimal NTE length is required for CIpS function.
A) CIpS variants (1 pM) with N-terminal truncations were assayed for delivery of
YLFVQELA-GFP (1 pM) for CIpAP degradation (gray curve) and for effects on CIpAP ATP
hydrolysis (blue curve) using 100 nM ClpA6 and 270 nM CIpP 14 for both assays. Data
points represent averages (n=3) ± 1 SD. Each CIpS variant is named by the first wild-
type residue in the construct. Those marked with an asterisk contain an additional N-
terminal methionine and are therefore one residue longer than the labels indicate; these
mutants were expressed as SUMO-fusion proteins and cleaved in vitro (see
Experimental Procedures) or were expressed as standard non-fusion proteins but
retained the initiator Met (verified by mass spectrometry). The T4 and W7 variants were
also expressed as standard non-fusion proteins but mass spectrometry and/or N-
terminal sequencing showed that the initiator Met was removed from both of these
proteins. Note the sharp activit% transitions between *L13 CIpS (starting Met12Leu13) and
*A14 CIpS (starting Met 3AlaI ). The processing of the W7 variant is inconsistent with
canonical methionine aminopeptidase activity and generates a good N-end-rule residue,
which may be responsible for the poor activity of this CIpS variant in delivering other N-
end-rule substrates.
B) Michaelis-Menten plots of YLFVQELA-GFP degradation by CIpAP and CIpS or variants(100 nM CIpA 6; 200 nm CIpP14; 600 nm CIpS or variants). Wild-type CIpS and *L13
CIpS (beginning Met' 2Leu13Ala 14) supported similar steady-state degradation kinetics,
but delivery by *A14 CIpS (beginning Met13Ala 14Glu) resulted in a large increase in Km
and a large decrease in Vmax. Thus, the NTE must have a critical minimal length to
support efficient substrate delivery.
C) Binding to an N-end-rule peptide (LLYVQRDSKEC-fl; 150 nM) by complexes of
CIpA6 with CIpS variants (1 CIpS per CIpA 6) showed that CIpS junction residues are
important for formation of the high-affinity delivery complex. Variants marked * have an
additional N-terminal methionine.
Defining the NTE length required for CIpS function
To probe the importance of NTE length in delivery and binding stabilization, we
purified a set of CIpS mutants with N-terminal truncations spanning 3 to 20 amino acids
and assayed their ability to change the rate of ATP hydrolysis by CIpA and to deliver
YLFVQELA-GFP to CIpAP for degradation (Figure 4.5, A). Mutants that began at or past
NTE position Met-Ala 14 had very low delivery activities and inefficiently suppressed
ATPase rates, compared to variants with longer NTEs or wild-type CIpS. To investigate
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the defect associated with the precipitous decline in delivery activity, we determined the
steady-state kinetics of CIpAP degradation of different concentrations of the N-degron
substrate YLFVQELA-GFP in the presence of ClpS or truncated variants starting at with
residues Met-Leu13 or Met-Ala 14 (Figure 4.5, B). The mutant beginning with Met-Leu13
delivered the substrate with only a slight reduction in Vmax compared to CIpS. By
contrast, delivery by the variant beginning at with Met-Ala 14 displayed a ~7-fold increase
in Km and ~7-fold decrease in Vmax. These results demonstrate that the CIpS NTE must
be of a critical minimum length to promote efficient delivery to CIpAP. Why does
deletion of a single residue have such a dramatic effect? The side chain identities of
these positions are unlikely to play a special role, as substituting four alanines for CIpS
residues 10-13 did not affect function (Hou et al., 2008). We suggest that the extra
residue may allow the NTE backbone of CIpS to reach an important binding site in the
ClpA6 pore (see below).
We determined Kapp values for binding of several CIpS-NTE variants to a
fluorescent N-end-rule peptide in the presence of CIpA 6/ATPyS (Figure 4.5, C). Mutants
beginning at position Asp20 or earlier formed relatively stable substrate complexes with
CIpA6 (Kapp 40-120 nM). Notably, the variants beginning with residues Met-Leu13 or
Met-Ala 14 showed similar CIpA-enhanced binding to the N-end-rule peptide but had
substantially different Km's for CIpAP degradation. Thus, the longer NTE is not required
for relatively stable ternary-complex formation but is needed for efficient substrate
delivery. Affinity was weakened moderately when the truncated CIpS variant began with
Leu22 (~300 nM) and substantially when it started at Ser 26 (~1500 nM; Figure 4.5, C).
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These results establish that 4-5 residues at the junction between the NTE and ClpScore
play an important role in stabilizing high-affinity complexes. This junction sequence was
substantially conserved among orthologs, whereas the rest of the NTE showed almost
no sequence conservation (Figure 4.6, Zeth et al., 2002; Guo et al., 2002), supporting a
model in which the NTE junction residues form specific docking contacts with CIpA.
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Figure 4.6. Sequence alignment of several CIpS homologs. Sequences were
obtained from the Universal Protein Resource (UniProt 2010). Multiple sequence
alignment was done using ClustalW. Both the sequence identity and the length of the
ClpS NTE are poorly conserved. Unlike the CIpS NTE, the ClpS junction (sequence in
E. coli DALKPPS) is moderately conserved.
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FeBABE mapping places the CIpS NTE near the CIpA pore.
To probe regions of NTE in contact with CIpA, we attached a small-molecule
protein-cleavage reagent (FeBABE) to residue 12 of Q12CCIpS (Figure 4.7, A). The
FeBABE reagent contains a chelated Fe 3 atom that when activated by ascorbic acid
and hydrogen peroxide, generates radicals that can cleave proteins that are in close
proximity. We hypothesized that the activated FeBABE reagent attached to Q12cCIpS
would cleave the region of CIpA that was near the CIpS NTE and would give us a better
idea about the physical interaction between the CIpS NTE and the CIpA machine. The
FeBABE modified CIpS was mixed with ClpA containing a C-terminal FLAG tag in the
presence of ATPyS, ADP, or no nucleotide. After 30 min, the cleavage reaction was
initiated, allowed to proceed for 30 s, quenched, and the products where analyzed by
SDS-PAGE. In presence of ATPyS, FeBABE cleavage resulted in four principal
fragments, two of ~50 kDa and two of ~29 kDa (Figure 4.7, A and B). No specific
cleavage products were observed with ADP or without nucleotide, suggesting that
cleavage requires ATPyS-dependent formation of CIpA 6-CIpS complexes (Figure 4.7,
A).
Western blots using anti-FLAG antibody indicated that the larger FeBABE
cleavage products corresponded to the C-terminal portion of CIpA and the smaller
bands were N-terminal segments. Edman sequencing of the cleavage products was
unsuccessful. However, based on molecular-weight standards, FeBABE cleavage
appeared to occur near CIpA residue 260. Indeed cleavage before cysteines in Y259C,
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K265C, and K268C variants of CIpA produced fragments similar in size to those
produced by FeBABE cleavage (Figure 4.7, B). Residues 259-268 are located in the D1
AAA+ ring of CIpA, near the axial pore. The linkage of FeBABE to ClpS would allow the
reagent to reach regions of CIpA within -12 A of the site of NTE attachment. Mapping
these potential contacts on a model of the CIpA hexamer suggested that the CIpS NTE
could physically contact the central pore of ClpA 6 and/or the top of the D1 ring (Figure
4.7, B).
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Figure 4.7. The CIpS NTE contacts CIpA near the axial pore
A) Top: FeBABE was attached to residue 12 of Q12CCIpS variant for cleavage studies.
Bottom: As assayed by SDS-PAGE, cleavage of CIpA required FeBABE-modified
Q12CCIpS and ATPyS.
B) Top: The upper bands produced by FeBABE cleavage were similar in molecular
weight to fragments produced by NTCB cleavage before cysteine in the Y259C, K265C,
and K286C variants of CIpA. Bottom: CIpA residues 259-268 are highlighted in blue in
a top view of a model of the hexameric D1 ring (Guo et al., 2002). In one ClpA subunit,
blue-wire shading shows regions within 12 A of residues 259-268, which represents the
approximate reach of the tethered FeBABE.
C) A substrate consisting of residues 2-26 of CIpS fused to GFP was efficiently
degraded by CIpAP, as shown by Michaelis-Menten analysis (Km = 16.4 pM; Vmax = 0.62
min-1 enz-1).
D) Assays monitored by SDS-PAGE showed that CIpAP only partially degraded the H6-Sumo-CIpS and H6-Sumo-CIpSore fusion proteins, resulting in truncated products of a
lower molecular weight (marked by red arrowheads in lanes 2 & 4).
E) CIpAP partially degraded the YLFVQELA-GFP-CIpS fusion protein, resulting in a lower
molecular weight truncation product (marked by a red arrowhead in lane 2).
F) Depiction of the CIpS fusion proteins used to test degradation by CIpAP (left) and the
corresponding truncation products produced by degradation (right). N-terminal
sequencing of the truncation products revealed that the new N-termini corresponded to
an internal sequence in the protein fused to CIpS (either Sumo or GFP). The truncation
products consisted of the CIpS core and an additional N-terminal tail of 45-50 amino
acids.
The NTE is a degradation signal but CIpS resists CIpAP proteolysis
CIpAP does not degrade CIpS (Dougan et al., 2002). Nevertheless, because the
NTE makes contacts near the CIpA pore, we hypothesized that it might be engaged by
the translocation/unfolding machinery. To test this model, we appended residues 2-26
of mature E. coi CIpS to the N-terminus of GFP and assayed degradation. Untagged
GFP is not degraded by CIpAP (Weber-Ban et al., 1999), but the NTE-fusion protein
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was efficiently degraded (Figure 4.7, C), with a Km of 16 pM and Vmax similar to other
GFP substrates. These results support a model in which the CIpA pore can engage the
CIpS NTE, but the core domain resists proteolysis. To confirm that CIpScore is refractory
to degradation, we purified H6-SUMO-NTE-ClpScore, H6-SUMO-CIpScore, and YLFVQELA-
GFP-NTE-CIpScore fusion proteins, and assayed CIpAP proteolysis. In each case, partial
proteolysis was observed (Figure 4.7, D and 4.7, E), but Edman degradation of the
resistant fragment demonstrated that CIpScore remained intact as did an N-terminal tail
of 45-50 amino acids before the core domain (Figure 4.7, F). Tails of this length have
been shown to result when AAA+ proteases are unable to unfold a very stable domain
in the midst of a multi-domain substrate (Lee et al., 2001; Koodathingal et al., 2009),
strongly supporting a model in which CIpAP cannot unfold or degrade the CIpScore
domain. This degradation-resistant character of CIpS is likely critical for its function as
an efficient adaptor (discussed below).
Discussion
The cellular machinery that executes N-end-rule degradation is complicated
(Tasaki and Kwon, 2007; Varshavsky, 2008). Our work elucidates important new
aspects of the molecular mechanism of delivery and degradation of N-end-rule
substrates in bacteria. We find that N-end degrons enhance CIpS affinity for CIpA6 and
are bound far more tightly by CIpS and CIpA 6 together than by either individual protein.
Formation of high-affinity complexes is observed with substrate mimics containing just
the N-end residue and one amide bond, and requires interactions mediated by multiple
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regions of CIpS, as well as by the AAA+ ring and N domain of CIpA, which need to be
connected by a suitably long linker. For example, we find that the CIpS His66 side chain,
which contacts the a-amino group of the bound N-end degron, is also important for high-
affinity binding to CIpA6. Moreover, two regions of the flexible CIpS NTE interact with
CIpA to stabilize high-affinity complexes or promote delivery. Work presented here and
previously (Hou et al., 2008; Wang et al., 2008a; Schuenemann et al., 2009) shows that
mutation of His66 or deletion of the NTE severely compromises CIpS delivery of N-
degron substrates to CIpAP, strongly supporting a model in which formation of a high-
affinity complex is a critical step in substrate delivery.
We propose and present numerous lines of evidence that formation of the high-
affinity delivery complex (HADC) involves multiple pair-wise interactions and culminates
in a ternary complex stabilized by multi-valent interactions (Figure 4.8). Although there
is likely not a single pathway for assemble of the HADC, common initial steps involve
one set of binary contacts between CIpS and the N-end-rule substrate, and another set
of binary contacts between the folded body of CIpS and the N domain of CIpA (Figure
4.8, A). These binary interactions are energetically uncoupled in the low-affinity ternary
complex. For example, an N-end peptide binds free CIpS and a CIpS-N-domain
complex with similar weak affinities (~3 pM). This absence of coupling is expected, as
crystal structures show that the structures of CIpS and the N domain do not change
upon binding, and the CIpS surface that binds the N domain is not contiguous with the
pocket that binds the N-end residue (Zeth et al., 2002; Guo et al., 2002; Xia et al., 2004;
Schuenemann et al., 2009; this work). This early ternary complex could form by docking
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of either binary complex with the third molecule. The linkage between the N domain and
D1 ring of CIpA allows a high degree of mobility (Effantin et al., 2010), and thus the
adaptor-substrate complex tethered only to the N domain could explore multiple
conformations, including positions at variable distances from the translocation
machinery in the axial pore of CIpA6.
Unimolecular conversion of a low-affinity ternary complex to the high-affinity
delivery complex involves numerous interactions (Figure 4.8, A, middle); it is not known
if these contacts form in a defined order. For example, one important area of interaction
between CIpS and CIpA appears to involve the 4-5 NTE residues near the core-domain
junction show moderate evolutionary conservation and help stabilize the high-affinity
complex. By contrast, non-conserved residues near the NTE center are critical for latter
stages, which we refer to as substrate delivery. Indeed, a truncated variant beginning at
NTE-residue 13 mediates efficient formation of a relatively high-affinity complex and
substrate delivery, whereas deleting one additional NTE residue markedly reduces
delivery but maintains complex stability. FeBABE-cleavage experiments show that
residues near the center of the NTE can contact the pore of the D1 AAA+ ring of CIpA6.
Given the size of CIpS, other contacts with the AAA+ portion of CIpA6 would likely also
be restricted to the D1 ring. The NTE also stabilizes binary complexes of CIpS with
CIpA 6, in a reaction that requires the AAA+ domains and reduces the segmental mobility
of CIpS. These results support the existence of a complex that is doubly tethered via
contacts between the CIpS NTE and the CIpA D1 ring as well as interactions between
CIpScore and the CIpA N domain (Figure 4.8, A).
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Formation of the high-affinity delivery complex also requires intimate and highly
coupled interactions involving the N-degron, His66 in the binding pocket of CIpS, and the
D1 ring of CIpA6 (Figure 4.8, A) Two models could account for these results: (i) a
residue in the D1 ring contacts the His66 side chain and stabilizes the hydrogen bond it
makes with the a-amino group of the N-end residue; (ii) His66 changes its orientation
allowing one set of D1 interactions with this side chain and another set of interactions
with the a-amino group of the N-end residue. By either model, the N-degron of the CIpS-
bound substrate would be close to the CIpA protein-processing pore, facilitating
substrate hand-off during delivery. ClpAP, in the absence of CIpS, degrades N-degron
substrates, although with a relatively low Km compared to values observed with CIpS
(Wang et al. 2007); thus the CIpA pore must have an intrinsic affinity for these type of N-
degrons, although the precise specificity of this CIpA substrate-binding site is not known
in detail, and is wider than that of CIpS (Mogk and Bukau, 2007; Wang et al., 2007).
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A. ASSEMBLY OF THE HIGH AFFINITY DELIVERY COMPLEX
Low affinity complex
Substrate
CpS
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Figure 4.8. Model for staged delivery of N-end-rule substrates
A) Independent binding of the substrate N-end-rule residue in the CIpS pocket and CIpS
to the CIpA N domain results in a low-affinity ternary complex.
B) Additional contacts between NTE junction residues (red) and the CIpA D1 ring
stabilize a doubly tethered complex.
C) Contacts between the substrate-bound CIpS pocket (including His66) and the D1 ring
stabilize the high-affinity delivery complex.
D) Model in which attempted CIpA translocation of the CIpS NTE deforms but does not
unfold the CIpScore structure, weakening its interaction with the N-end residue.
E) CIpS is released from CIpA (because CIpSoore resists unfolding and pulls back
against CIpA), leaving the N-end-rule residue of the substrate bound near the pore of
CIpA, where it can be engaged for degradation.
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Interestingly, a sufficiently long linker between the CIpA N domain and AAA+ ring
is needed to allow formation of the contacts mediated by the N-end degron and CIpS
binding pocket. By contrast, the NTE-mediated contacts are not sensitive to the length
of the linker between the N domain and D1 domain. The idea that formation of a high-
affinity ternary complex involves contacts between the adaptor and substrate, the
adaptor and protease, and the protease and substrate has precedent in the delivery of
ssrA-tagged substrates to the AAA+ CIpXP protease by the SspB adaptor. One region
of SspB binds the N domain of ClpX, another part of SspB binds to a segment of the
ssrA tag, a different part of the ssrA tag binds to the ClpX pore, and each binary
interaction is substantially weaker than the overall ternary interaction (Levchenko et al.,
2000; 2003; Wah et al. 2003; Bolon et al., 2004; Martin et al., 2008).
The high-affinity delivery complex of ClpA6 , CIpS, and the N-degron forms in a
downhill thermodynamic reaction. How is this stable complex disrupted to allow
substrate hand-off and initiation of degradation? In the case of the SspB HADC, the
ssrA tag of the substrate is positioned in the pore of the CIpX AAA+ ring, and ATP-
fueled translocation would simultaneously break tag contacts with the adaptor and
initiate degradation. For CIpS, there is no evidence that the N-end-rule substrate is
positioned in the pore during the HADC stage, but several of our results indicate that the
N-terminal portion of the CIpS NTE bind in the CIpA pore. For example, we find that the
NTE serves as a signal for CIpAP degradation, that the N-terminal residues of the NTE
can reach far enough to contact the D1 pore, and that delivery-competent NTE
truncations result in lower CIpA ATPase rates than delivery-incompetent truncations.
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The latter result is consistent with a model in which CIpA pulls on the NTE but cannot
unfold CIpS (Figure 4.8, B, middle). Indeed, we find that CIpScore resists CIpAP
degradation, and previous results show that AAA+ unfoldases hydrolyze ATP more
slowly when they are attempting to unfold a protein (Kenniston et al., 2003; Wolfgang et
al., 2009).
How could CIpA tugging on CIpS facilitate handoff of N-end rule substrates?
Given that the NTE is distant from the CIpS substrate-binding pocket, an attractive
model is that translocation-mediated pulling on the NTE deforms ClpScore (Figure 4.8, B,
middle), facilitating release of the N-end-rule substrate. Because the N-end degron in
the HADC is already close to or in contact with the D1 ring of CIpA and thus substrate
binding site in the CIpA pore, release could result in substrate transfer from the adaptor
to the AAA+ ring. Moreover, in resisting unfolding, CIpS would pull back with an equal
and opposite force, which could lead to slipping and complete release from the ring, as
observed for other difficult-to-unfold proteins (Kenniston et al., 2005). Tugging-induced
release of CIpS from the substrate and the pore would then create an opportunity
(Figure 4.8, B, right). Native proteins with only a few residues between the N-end
residue and folded structure are not degraded by CIpAPS (Wang et al., 2008b, Erbse et
al., 2006), and N-end-rule substrates may contain secondary recognition motifs several
residues past the N-end degron (Ninnis et al., 2009). Although our results essentially
rule out that these secondary motifs play any significant role in formation of the HADC,
they could facilitate pore engagement.
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Assembly of increasingly stable macromolecular complexes often drives
biological recognition. This mechanism provides directionality by proceeding downhill to
a thermodynamic minimum but also results in an energy well from which spontaneous
escape is difficult, creating a problem if the high-affinity complex is not the final product.
For example, recombination catalyzed by MuA transposase is driven by more-and-more
stable protein-DNA complexes, which eventually must be disassembled in an ATP-
dependent process by ClpX (Burton and Baker, 2005). Our present and previous results
indicate that adaptor-mediated delivery of substrates to AAA+ proteases also involves a
progression from low-affinity to high-affinity complexes. This type of assembly has
several advantages. From a kinetic perspective, splitting the overall pathway into
discrete bimolecular and unimolecular steps speeds assembly. For example, CIpS with
bound N-degron substrate could initially dock with any of the six N domains of CIpA 6.
Moreover, these N domains are highly mobile, further increasing the chances for
productive collisions. Subsequent assembly steps would then be unimolecular, allowing
the use of relatively weak interactions to position the substrate/adaptor near the
translocation machinery of CIpA6.
We propose that adaptors for AAA+ proteases will fall into two general
categories. In one category, exemplified by SspB, the HADC is disrupted by enzymatic
pulling on the substrate. In the second category, exemplified by CIpS, the HADC is
destabilized by enzymatic tugging on the adaptor. Many adaptors that function by a
CIpS-type mechanism are likely to be degradation resistant. For example, Rad23
facilitates interactions between ubiquitinated substrates and the proteasome and is
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refractory to degradation (Heessen et al., 2005). However, a CIpS-type mechanism
might also work if the adaptor were degraded. Indeed, the MecA adaptor is degraded by
CIpCP during substrate delivery (Turgay et al., 1998).
In addition to its role in delivery of N-degron substrates, CIpS binding prevents
recognition and degradation of other types of substrates by CIpAP (Dougan et al.,
2002). It would be counterproductive, however, if CIpS bound CIpA too tightly in the
absence of N-end-rule substrates, as degradation of non N-end-rule substrates would
then be precluded. Our results show that CIpS binds CIpA6 -10-fold more tightly when
N-degron substrates are present and thus illuminate an elegant solution to this problem.
Substrate-dependent affinity enhancement helps ensure the formation of a competent
CIpAPS complex when N-degrons are available but also keeps CIpAP largely free to
perform other functions when these substrates are absent.
Experimental Procedures
Proteins and Peptides
Mutants were generated by the QuikChange method (Stratagene) or PCR. CIpS, CIpS
mutants, and substrates were initially fused to the C terminus of H6-Sumo in pET23b
(Novagen). Following expression, fusion proteins were purified by Ni-NTA
chromatography (Qiagen) and cleaved with Ulp1 protease. The cleaved H6-Sumo
fragment was removed by passage through Ni-NTA, and the protein of interest was
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purified by gel filtration on Superdex-75 (GE Healthsciences) and/or ion-exchange
chromatography on MonoQ. CIpS variants were concentrated and stored in 20 mM
HEPES (pH 7.5), 150 mM KCl, 1 mM DTT, and 10% glycerol. CIpA and CIpP were
purified as described (Hou et al., 2008). Trp-CONH2 and Phe-Val (FV) were purchased
(Sigma). All remaining peptides were synthesized by standard FMOC techniques using
an Apex 396 solid-phase instrument.
Crystallography
Crystals of E. coli CIpS 26-106 were obtained after 3 weeks at 20 0C in hanging drops
containing 0.5 pL of protein solution (7.5 mg/ml) and 1 pL of reservoir solution (0.2 M
ammonium formate, 20% PEG 3350). Crystals were frozen without additional
cryoprotection and X-ray diffraction data were collected on a Rigaku Micromax 007-HF
rotating anode equipped with Varimax-HR mirrors, an RAXIS-IV detector, and an Oxford
cryo-system. Data were processed using HKL-2000 (Otwinowski and Minor, 1997).
Initial phases were obtained by molecular replacement using PHASER (Storoni et al.,
2004) with E. coli CIpS 2W9R as a search model. The final structure was obtained by
iterative model building using COOT (Emsley and Cowtan, 2004), refinement using
PHENIX (Adams et al., 2002), and had excellent geometry and refinement statistics
(Table 4.1). Re-refinement of the 2W9R, 2WA8, and 2WA9 structures, using COOT and
PHENIX, also produced structures with excellent geometry and substantially improved
refinement statistics (Table 4.1).
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Fluorescent labeling
Peptides were labeled with fluorescein maleimide as described (Wang et al., 2008).
CIpS* variants (50 pM) containing a single cysteine were incubated with 50 mM DTT in
100 mM TrisCI (pH 8) for 1.5 hours at 4 'C, buffer exchanged into 100 mM Na2PO4 (pH
8) and 1 mM EDTA, and labeled by addition of 0.3 mg/mL of fluorescein maleimide
(Thermo Scientific) for 2 h at room temperature in the dark. Excess reagent was
removed by size-exclusion chromatography, and the modified protein was stored in 10
mM HEPES (pH 7.5), 200 mM KCI, and 1 mM DTT. Binding assays monitored by
fluorescence anisotropy were performed using a Photon Technology International
Fluorimeter. Data were fitted using a non-linear squares algorithm to a hyperbolic
binding isotherm or to a quadratic equation for tight binding. Reported KD and Kapp
values are averages (n 2) with errors calculated as SQRT((K-Kavg) 2/n).
FeBABE cleavage
For FeBABE labeling, Q12CCIpS was incubated in 30 mM MOPS (pH 8.1), 4 mM EDTA
at 4 *C overnight, desalted into 30 mM MOPS (pH 8.1), 100 mM NaCI, 1 mM EDTA, 5%
glycerol, and incubated with 5 pg/pL of Fe(III) (s)-1-(p-bromoacetamidobenzyl)-EDTA
(Pierce) for 1 h at 37 *C. FeBABE-CIpS and CIpA were buffer exchanged into 50 mM
MOPS (pH 8.1), 300 mM NaCl, 10 mM MgC 2, 10% glycerol, mixed together with no
nucleotide or 1 mM ATPES/ADP, and incubated at room temperature for 30 min.
Cleavage was initiated by the addition of 40 mM ascorbate, 10 mM EDTA, followed
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immediately by 40 mM hydrogen peroxide, 10 mM EDTA. The reaction was quenched
by adding SDS-PAGE sample buffer with 40% glycerol and analyzed by SDS-PAGE.
To generate size standards for FeBABE cleavage, Y259C, K265C, and K268C ClpA
variants were constructed, purified, incubated with 50 mM DTT at 37 OC for -10 min,
and exchanged into 200 mM Tris acetate (pH 8), 1 mM EDTA, 5 M urea, 0.1% SDS.
This sample was incubated with 2 mM 2-nitro-5-thiocyanobenzoate at 37 0C for 20 min
to modify the cysteines, and then buffer exchanged into 200 mM Tris acetate (pH 9) and
incubated at 45 0C for 2 h to allow protein cleavage.
Degradation and A TPase Assays
ClpAPS degradation assays were performed as described (Wang et al., 2008). Briefly,
ClpA6 (100 nM), CIpP14 (200 nM), and CIpS or variants (600 nM) were preincubated in
reaction buffer (50 mM HEPES (pH 7.5), 300 mM NaCl, 20 mM MgCl 2 , 0.5 mM DTT,
and 10% glycerol) with substrate for 3 min at 30 0C before adding ATP regeneration mix
(4 mM ATP, 50 mg/mI creatine kinase, 5 mM creatine phosphate) to initiate
degradation. GFP degradation was assayed by loss of fluorescence and the data were
fitted by a non-linear least-squares algorithm to a quadratic version of the Michaelis-
Menten equation to obtain Km and Vmax. Reported values of kinetic parameters were
averages (n=3) ± 1 SD. ATPase rates were monitored under similar conditions but used
a coupled ATP-hydrolysis assay (Kim et al,. 2001).
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Accession Numbers
Coordinates for the apo E. coli CIpS crystal structure (301F) and the re-refined co-
crystal structures (302B, 302H, and 3020) have been deposited with the Protein Data
Bank.
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pdb code 301F 2W9R 302H 2WA8 302B 2WA9 3020
E. coli ClpS residues 26-106 2-108 (b) 2-106 2-106 2-108 (b) 2-106 (c)
N-end peptide none LVKSKATNLL FRSKGEELFT unclear (d) none
Y
space group P1 P1 P12 11 C2
unit cell a = 28.0 A 28.1 A 32.2 A 171.9 A
unit cell b = 28.1 A 28.2 A 58.4 A 155.9 A
unit cell c = 51.6 A 38.9 A 56.4A 71.2 A
unit cell x = 80.50 97.40 90.00 90.00
unit cell P = 77.90 106.50 101.90 114.60
unit cell y = 72.30 92.40 90.00 90.00
subunits/peptides per asu 2/0 1/1 2/2 7/7 8/0
refinement resolution 22.5- 1.4 25.0 - 1.7 A 30.2 - 2.15 A 30.2 - 2.05 A 25.0 - 2.9 A
A
wavelength 1.54 A 0.978 A 1.071 A 1.071 A
Rsym (3.6 3.9(20.9) 11.3 (45.1) 13.7(73.6)
unique reflections 23635 11540 9909 12292 19203
completeness (%) 82.4 (32) 91.1 (86.1) 94.0 (90.5) 94.9 (96.0) 99.3 (96.3)
data redundancy 3.7 (3.1) 2.2(2.0) 2.9(2.7) 7. 5 (7.3)
average I/c-I 25.1 (5.2) 12.4 (3.9) 6.5 (2.3) 11 (2. 0)
Rwork(%) 17.3 (21.7) 22.6 (27.8) 19.7 (25.6) 22.5 (26.0) 21.1 (27.1) 23.7 (26.1) 17.3 (29.4)
Rfree(%) 19.7 (21.0) 25.4 (32.8) 22.7 (33.2) 26.8 (33.5) 24.8 (31.8) 24.8 (28.5) 20.1 (32.1)
TLS no yes (e) no no no yes no
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r.m.s.d. bond lengths (A) 0.007 0.009 0.009 0.010 0.006 0.015 0.005
r.m.s.d. bond angles (') 1.19 1.19 1.17 1.54 1.02 1.57 0.79
total protein atoms including H 2637 861 (no H) 1712 1660 (no H) 3199 4880 (no 10767
H)
solvent atoms 402 68 128 91 140 0 0
average B value 17.9 22.1 24.1 33.2 33.6 50.0 73.7
Ramachandran (a)
favored/allowed/disallowed 100/0/0 100/0/0 100/0/0 93.5/3.0/3.5 100/0/0 94.4/2.0/3. 99.5/0.5/0
(%) 6
favorable rotamers (%) (a) 100 93.6 100 89.9 100 89.7 100
clash score (a) 0.0 5.8 0.0 18.7 0 17.1 0
CD deviations > 0.25 A (a) 0 0 0 3 0 4 0
residues with bad angles (a) 0 0 0 1 0 0
cis peptide bonds 0 0 0 8 0 0 0
Table 4.1 Refinement statistics
Numbers in parenthesis represent values for the highest resolution bin. Unit cell and data collection statistics for the rerefined structures are from
Schuenemann et al. (2009).
(a) Favorable/allowed/disallowed Ramachandran angles, favorable rotamers, C1 i deviations, residues with bad angles, and the clash score
(number of steric overlaps = 0.4 A per 1000 atoms) were calculated using MolProbity (Davis et al., 2007).
(b) The original 2W9R and 2WA9 structures (Schuenemann et al., 2009) contain two additional C-terminal residues that are not present in the
protein sequence. In our re-refined structures, there was no density for these "extra" residues and the chain terminated with Ala106 as expected.
(c) As discussed in the text, it is possible that the polypeptide was cleaved between Ala and Leu2.(d) The peptide sequence is listed as LLT in the pdb file but as WRSKGEELFTGV in Schuenemann et al. (2009). In our rerefined structure, there
was no peptide. Instead, an N-terminal segment of a neighboring CIpS molecule occupied the binding pocket.
(e) ANISOU records are included in the 2W9R pdb file, although the header reports no TLS groups.
Rsym = ShSJ ;j(h) - <l(h)> / ShS <1(h)>, where lj(h) is the ith reflection of index h and <1(h)> is the average intensity of all observations of 1(h).
Rwork = Sh |Fobs(h) - Fcalc(h)| I / Sh IFobs(h)I, calculated over the 93-95% of the data in the working set. Rfree equivalent to Rwork except calculated
over 5-7% of the data assigned to the test set.
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CHAPTER FIVE: PERSPECTIVE AND
FUTURE DIRECTIONS
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INTRODUCTION
Although the rules that govern the N-end rule degradation pathway are straight
forward, the cellular components in charge of executing N-end rule degradation are
complex. The interaction between the adaptor protein CIpS and the AAA+ protease
CIpAP has distinct features compared to other adaptor-protease pairs in E. coi. Rather
than a passive tethering adaptor, CIpS seems to be more of an active one. Although in
this thesis we have uncovered part of the mechanism required to form a competent
CIpAS complex, more work needs to be done to understand how the final "hand-off" of
the N-end rule substrate to the CIpAP enzyme is achieved.
Work in this thesis and previous work (Hou et al., 2008) strongly supports the
idea that the CIpS adaptor does not work only by tethering N-end rule substrate to the
CIpAP protease. Our data supports a model in which CIpS allosterically alters CIpA
substrate specificity. The structural work has helped understand how N-end rule
substrates bind CIpS and the biochemical work has shed light on how the adaptor
interacts with CIpA. In fact, we have uncovered three main components of the CIpS
structure that have unique functions and work together to form an active complex with
CIpAP. The first structural component consists of the body of the adaptor which
contains the binding pocket for N-end rule degrons; this domain also docks into the N-
domain of CIpA. We have shown that this initial docking is not sufficient to deliver N-end
rule substrates. Residues between the N-terminal region and the body of CIpS are
moderately conserved among orthologs and we provide evidence that they serve as
tethering signals to bring the adaptor-substrate complex near the CIpA pore. The third
component consists of the long and flexible N-terminal region, referred in this thesis as
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the CIpS NTE. This region appears to play an important role in substrate delivery,
especially during substrate delivery phase. We have shown (Hou et al., 2008; Roman
Hernandez et al., 2011(chapter 4)) that CIpS lacking the first 13 residues of the NTE is
unable to complete the delivery of N-end rule substrates despite the fact that binding to
the substrate or to CIpA is not compromised. In fact, based on several lines of evidence
we hypothesize that substrate delivery occurs via the engagement and pulling of the
CIpS NTE by CIpAP. Taken together, the findings in this thesis highlight new questions.
In particular, it is important to elucidate how CIpS and CIpAP work together during the
"active" step or steps of N-end rule substrate delivery.
One way to test whether the engagement of the CIpS NTE by CIpAP is part of
the N-end rule substrate delivery mechanism is by performing fluorescence resonance
energy transfer (FRET) experiments with the reagents developed here. We have
developed fluorescent variants of CIpS that can be labeled at the CIpS NTE (position 5
from the N-terminus of CIpS) with fluorescein. A donor fluorophore can be incorporated
inside the pore of CIpA and if during delivery the labeled CIpS NTE is engaged and is in
contact with the CIpA pore, a FRET signal should be generated. The results from these
experiments should give more evidence that would support the "pulling on the CIpS-
NTE" mechanism we proposed in chapter 4.
We also have experimental evidence that shows the CIpS adaptor is resistant to
degradation by CIpAP. Thus, upon CIpA pulling, we hypothesize that CIpS would tug
back leading to slipping and release of the substrate from the adaptor. These results
open a new set of questions about CIpS itself. What is the physical basis of CIpS ability
to resist CIpAP degradation? Is the overall structure of the adaptor hyper-stable? One
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way to test whether CIpS secondary structure protects it from being degraded by CIpAP
is to use the crystal structures of the adaptor and engineer single or multiple point
mutations that would destabilize its structure without causing unfolding or loss of
function. Finding mutations that would no longer prevent CIpS from being degraded by
CIpAP would suggest that the sequence (the sequence of the core of CIpS is very well
conserved) and the secondary structure of the adaptor has been optimized to protect
the adaptor from being degraded in the process of delivering N-end rule substrates.
Although this hypothesis needs to be further tested, our initial results are consistent with
this model and thus, this work is uncovering a new mechanistic class of adaptor
proteins for AAA+ proteases. Overall, we propose that adaptors can be divided into two
general categories. In one class, the adaptor tethers the target near the pore of the
AAA+ protease. In this case, the substrate can bind simultaneously to both the AAA+
ATPase unfoldase and the adaptor and hand-off is achieved by the enzymatic pulling of
the substrate. In the second category, initial tethering of the substrate by the adaptor
occurs but is not sufficient to complete the delivery. The tightly bound substrate-adaptor
complex requires destabilization by enzymatic pulling on the adaptor.
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Generation of N-end degrons in bacteria
The picture is emerging about how CIpS and CIpA work together to achieve
efficient N-end rule substrate degradation. However, a major question that remains to
be answered is how N-end degrons are generated especially in bacteria. In the next
paragraphs a brief discussion of how N-degrons could be generated is summarized.
Newly synthesized proteins contain N-terminal Met (f-Met in bacteria), a
stabilizing residue in the N-end rule pathway. If most proteins contain a stabilizing N-
terminus, how are then N-degrons generated in vivo? Because very few N-end rule
substrates have been identified and validated in E. coi, it has been challenging to
decipher how N-degrons are created. Nevertheless, a few pathways have been
proposed based on recent work from other groups that have identified a handful of N-
end rule substrate in E. coi (Ninnis et al., 2009). These pathways will be discussed
briefly in the next paragraphs although they still remain incompletely characterized and
poorly understood and awaits more N-end rule substrates to be identified.
One possible way of generating N-degrons would involve the removal of the N-
terminal Met to reveal one of the four primary N-end destabilizing residues. The only
well characterized N-terminal modification of proteins in bacteria (apart from the
removal of the formyl group) is the removal of the initial Met by Met-aminopeptidases
(MetAps) and this reaction is predicted to be efficient based on the specificity of the
MetAps only if the second residue is stabilizing (Frottin et al., 2006). However, it might
be possible that in some cases an error would reveal an unwanted N-terminal
destabilizing residue on a polypeptide. Because of the destabilizing nature of the new
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N-terminal residue, that polypeptide would be rapidly removed from the cell by
degradation. If this is type of event occurs, it is possible that the N-end rule degradation
pathway is part of the general protein quality control mechanisms in bacteria. This
degradation pathway might be intended to remove small peptides or cleaved proteins
resulting from unwanted proteolytic events that would otherwise accumulate in the cell
and could become deleterious.
A second pathway for the generation of N-degrons was suggested recently by
Ninnis et al. (2009). It was proposed that N-degrons are generated by the attachment of
a destabilizing residue to the N-terminal Met of a polypeptide by the L/F aminoacyl
transferase (the Aat protein). This enzyme was thought to usually attach Leu or Phe to
N-terminal Arg or Lys converting secondary destabilizing residues into primary
destabilizing residues. Ninnis et al. showed that the recently identified bacterial N-end
rule substrate, putrescine aminopeptidase (PATase), undergoes this kind of N-terminal
modification (Ninnis et al., 2009). Although attachment of a destabilizing residue to the
initial Met seems to happen in the case of PATase, this N-terminal modification is
unlikely to be the major pathway for generating N-end rule susbtrates in vivo. A large
percentage of the whole E. coli genome retains its initial Met. Thus, is currently
completely unclear how specificity is achieved by the LIF transferase when it comes to
"decide" what proteins need to be targeted for destruction by the addition of
destabilizing residues N-terminal to the initial Met.
A third attractive pathway to generate N-end degrons involves endoproteolytic
cleavage of substrates. By this pathway, generation of an N-terminal destabilizing
residue would require an initial proteolytic processing event by an endopeptidase that
136
would reveal either a primary or secondary destabilizing residue. A similar pathway has
been observed in yeast during DNA replication. In this process, sister chromatids are
held together by the multi-subunit protein complex cohesin. At the onset of anaphase,
an endopeptidase cleaves one of the subunit of cohesin, SCC1, revealing an N-degron
that targets the subunit for degradation; allowing the separation of the sister chromatids
(Rao et al., 2001). To date, there is no evidence for the generation of N-end rule
substrates by this pathway in E. coli but it definitely is a plausible way to generated N-
degrons.
A rapid and unbiased way to get a view of the actual N-terminal residues present
in the expressed proteome would be to do a global N-terminal profiling. Recently, Xu et
al. (2009) developed a protocol to do a global profiling of the N-termini of proteins in
vivo, called N-CLAP. This method has been used to identify protein cleavage sites and
N-terminal modifications, such as the removal of the N-terminal methionine (Xu et al.,
2009) and would be an excellent tool to identify proteins bearing N-degrons. N-CLAP is
basically a way of doing "N-terminalomics" by selectively labeling the a-amine of
proteins. In short, the technique involves the use of Edman chemistry to modify all the
amines in proteins (lysines, free a-amino group) with PITC (phenylisothiocyanate). The
second step involves using TFA to selectively deblock the N-termini of proteins, but
leaving blocked PITC-modified lysines. Afterwards, the N-termini are reacted with an
amine-specific labeling reagent attached to a cleavable biotin affinity tag (EZ-Link Sulfo-
NHS-SS-biotin). The affinity tag is used to facilitate the purification of N-terminal
peptides after protein digestion. Isolated peptides are then eluted by cleaving the biotin
affinity tag and are further identified by tandem mass spectrometry (MS/MS) (Xu et al.,
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2009). N-CLAP appears to be an excellent strategy to identify cleavage events that
might lead to the formation of N-end rule substrates in vivo.
Regulation of CIpA and CIpS in vivo
Previous studies have shown that ClpA cellular levels rise when cells shift from
exponential to stationary phase while CIpS cellular levels remain unchanged (Farrel et
al., 2005). Although it is unclear why this is the case, one can hypothesize that this
"tweaking" of the N-end rule machinery concentration in the cell can help ensure the
formation of competent N-end rule degradation complexes only when they are needed.
The phenotypic consequences of the absence of CIpS have not been well
characterized. A promising direction for the understanding of the in vivo role of ClpS and
CIpA would be to perform a phenotypic profiling in ACIpS, ACIpA, and ACIpS/ACIpA
cells.
Identification of endoproteases
Using an affinity column-based method (making a column of CIpS fused to GST)
Schmidt et al. (2009) isolated a few apparent endogenous N-end rule substrates, which
included a truncated version of the bacterial stress response protein Dps and the
enzyme putrescine aminotransferase (PATase). Dps (DNA protection during starvation)
is a protein that protects DNA during oxidative stress and starvation by forming highly
ordered, crystal-like (biofilms) structures with DNA (Wolf et al., 1999). Cellular levels of
Dps are low during exponential phase in bacteria but they increase dramatically upon
oxidative stress and during stationary phase, becoming one of the most abundant
cellular proteins during these conditions (Ali Azam et al., 1999). Previous studies have
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shown that increased levels of Dps are in part, a result of protein stability during
stationary phase. CIpXP is the protease responsible for the degradation of Dps during
exponential phase (Stephani et al., 2003; Flynn et al., 2003). A recent study geared
towards identifying bacterial N-end rule substrates, uncovered that an N-terminal
truncated version of Dps (Dps6-167) is a substrate for the CIpAPS (Schmidt et al.,
2009). Dps6-167 lacks the first four N-terminal amino acids and harbors a primary
destabilizing residue at the N-terminus (Leu) which makes it a target for degradation by
CIpAPS. It is likely that this shorter version of Dps arises as a result of an
endoproteolytic cleavage by a yet unknown endoprotease. A promising direction for
continuing the understanding of the N-end rule pathway in bacteria would be the search
for this putative endoprotease and enzymes that might be involved in the process of
revealing N-end rule residues by modifying the N-terminus of a protein or by cleaving
and exposing a new N-terminus.
The N-end rule represents a very interesting degradation pathway that is part of
several biological processes in eukaryotes and its importance in bacteria is slowly
emerging. Overall, regulated proteolysis is crucial for many physiological processes in
both eukaryotes and prokaryotes and relies on a high degree of substrate specificity.
The use of adaptor proteins is one main strategy for controlling substrate choice by
AAA+ proteases, thus understanding the mechanism behind adaptor-mediated
substrate delivery is essential to the field of regulated proteolysis.
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CHAPTER SIX: APPENDIX
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Introduction
Since the discovery of CIpS, we have used the components of the N-end rule
degradation pathway in E. coli as a tool to understand how general aspects of this very
well conserved degradation pathway work. Using ClpS as a model adaptor, we now
understand how N-degron substrate specificity is achieved and we are now beginning to
understand how adaptors work with their partner AAA+ unfoldase to form competent
ternary complexes and achieve efficient delivery of their protein targets. The
biochemical studies in this thesis characterize several binding interactions between the
N-end rule components under equilibrium conditions. We have been able to directly
measure the binding affinities between CIpS and N-end rule peptides as well as the
affinity between the adaptor CIpS and the unfoldase ClpA6 in the presence and absence
of N-end rule substrates. We have developed very useful reagents such as the
fluorescent variants of the ClpS adaptor and fluorescent N-end rule peptides that have
permitted the dissection of the multiple binding interactions between each of the E coli
N-end rule pathway components in vitro. For example, we know that the affinity of ClpS
for N-end rule peptides is between 3-5 pM. However, in the presence of CIpA 6 and
ATPyS, CIpS binds N-end rule peptides -70 fold tighter (KD = 42 nM, see chapter 4).
These dramatic differences in substrate affinity could be a result of a faster/slower
association or dissociation rate of the N-end rule peptides upon binding the ClpS-CIpA6
complex. Therefore, we design experiments to measure interaction kinetics using the
reagents developed here (chapter 4). We probe the dissociation kinetics of the N-end
substrate from either CIpS or from the ClpS-CIpA6 complex by performing fluorescence
anisotropy stopped-flow experiments.
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N-end Rule Peptide Dissociation Kinetics
We first preassembled either CIpS or CIpS-ClpA6 bound to a fluoresceinated N-
end peptide (ClpS-LLYVQRDSKEC-fl or ClpA6 -ClpS-LLYVQRDSKEC-f). The complexes were
placed in one of the two syringes of the stop-flow instrument. The second syringe of the
stop-flow was filled with an excess of unlabeled N-end peptide (LLYVQRDSKEC). The
preassemble CIpS-LLYVQRDSKEC-fl complexes were mixed with unlabeled N-end peptide
(LLYVQRDSKEC) in the stop flow chamber and dissociation of the fluorescent N-end
rule peptide was followed as a function of time by fluorescence anisotropy (Figure A.1,
A). The same experiment was done with ClpA6 -ClpS-LLYVQRDSKEC-fl complexes (Figure
A.1, B) and the dissociation rate from each experiment was compared. The dissociation
rate of the N-end rule peptide from the CIpS-ClpA 6 complex (Figure A. 1, B) was ~50 fold
slower than the dissociation rate from CIpS alone (Figure A.1, A). These results suggest
that the enhanced N-end rule peptide affinity of the CIpS-CIpA6 complex is mostly due
to a decrease in N-end rule substrate dissociation.
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Figure A.1. Dissociation kinetics of N-end Rule peptides from either A) CIpS or B)
CIpS-CIpA 6 complexes. The N-end rule substrate dissociation rate is -50 fold slower for
the CIpS-ClpA6 complex.
What would be the advantage of having a stable N-end-rule-substrate-CIpS-
ClpA6 complex if the final step in the process is disengagement and further degradation
of the substrate? Our model of N-end rule substrate delivery (discussed in more detail in
chapter 4) includes the engagement and pulling of the CIpS NTE by the CipA6
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unfoldase which we hypothesize is required to bring the substrate into the CIpA pore. It
is most likely that the rate limiting step of the delivery process is the engagement of the
N-end rule substrate by CIpA. For this reason, the pulling on the adaptor prior to the
substrate engagement would require the N-end rule substrate to be stably bound and
that can be achieved by having a slower substrate dissociation rate.
Stoichiometry between CIpS and CIpA6
As discussed in earlier chapters, the CIpA unfoldase forms a hexamer that
contains six N-domains attached to the body of the enzyme via flexible linkers. Thus, in
theory, six CIpS molecules could bind CIpA 6 at any given point in time. To measure
approximately how many CIpS molecules bind per hexamer of CIpA we performed
stoichiometry experiments using a fixed concentration of the fluorescent version of the
adaptor (2pM shown, above the KD) and titrated CIpA 6 until the anisotropy value
reached a plateau.
This titration experiment revealed that not all the CIpA N-domains are occupied
by CIpS molecules but rather only 1 or 2 CIpS bind per hexamer of CIpA (at least with
high affinity) (Figure A.2).
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Figure A.2. Stoichiometry experiments between CIpS and CIpA6. A fixed
concentration of fluorescent CIpS (ClpS C101S/C73V/N5C-fl, 2 pM) was used and
increasing amounts of CIpA6 were titrated until saturation was reached. Saturation
occurred at -2.4 pM of CipA6, suggesting that only about 1.2 molecules of ClpS bind per
hexamer of CIpA.
Association Rates of CIpS to CIpA6
The stoichiometry experiments suggest that only -1 CIpS molecule binds with
high affinity to the CIpA hexamer. To investigate whether we could detect either a
conformational change in CIpA or a change on ClpS itself upon binding to CIpA6 we
decided to investigate CIpS association to CIpA6 as a function of time using stopped-
flow fluorescent anisotropy using a fluorescent version of the CIpS adaptor (CIpS*=
CIpS clls/c73v/n5c-fl). In the experiment, one stop-flow syringe contained a fixed
concentration of CIpS* (50 nM) preincubated with an excess of cold N-end rule peptide
(10 pM) and the second syringe contained CIpA 6/ATPy. The two solutions were mixed
in the stop-flow chamber and association of CIpS* bound to peptide was followed over
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time (100 sec) by fluorescence anisotropy (Figure A.3, A). The experiment was
repeated at different concentrations of CIpA 6 (0.5, 1, 2, 3 pM) in Syringe B.
Perhaps surprisingly, the association traces of ClpS* binding to CIpA 6 obtained
(Figure A.3, B) did not fit to single exponential kinetics. The data fit better to two
exponentials although it is unclear whether this biphasic nature is due to multiple
binding events or to the presence of a different conformation by the adaptor or by ClpA6.
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Figure A.3 Association kinetics of CIpS binding to CIpA6
A) Experimental set up for the association experiments of CIpS* binding to CIpA6.
B) Association kinetics of CIpS* (fixed= 50 nM) and an excess of N-end rule peptide
(LLYVQRDSKEC, 10 pM) to different concentrations of CIpA6.
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CIpS Association to the Isolated CIpA N-domain (CIpAN)
To deconvolute how the association kinetics of a single binding event contribute
to the overall assembly reaction, we repeated the association experiments of CIpS* with
the isolated N-domain of CIpA (CIpAN) in the presence and absence of N-end rule
peptides. Previous studies have shown CIpS binds in a 1:1 ratio to the isolated N-
terminal domain of CIpA in a nucleotide-independent fashion. We fixed the
concentration of CIpS* to 50 nM and chose two different concentrations of CIpAN to do
the traces (5OnM or 500nM of CIpAN; see experimental set up, Figure A.4, A).
Surprisingly, the traces for the association of CIpS* to the isolated CIpAN also showed
complex (non-single exponential kinetics). Moreover, in the case where N-end rule
peptide was preincubated with ClpS*, association of CIpS* to CIpAN was faster (Figure
A.4, B), suggesting that perhaps in the presence of N-end rule peptides CIpS exist in a
different conformation that is ready to bind to CIpA. This idea is somewhat surprising as
essentially all structural work on CIpS has failed to reveal a substrate-dependent
conformational change (see for example chapters 2, 3, 4).
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Figure A.4 Association kinetics of CIpS* binding to the isolated N-domain of CIpA
A) Experimental Set Up for measuring association kinetics using stopped-flow
fluorescence anisotropy.
B) Association of CIpS* to
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Unlike the association traces with full length CIpA, the traces of CIpS binding to
CIpAN reached a plateau after the first ten seconds (contrast Figure A.3 and A.4). It is
possible that there is no "plateau" because in the case of the association to the full
hexameric CIpA, CIpS could bind to one N-domain and later on it could dissociate and
rebind to another of the five other available N-domains.
To determine whether nucleotide hydrolysis affects the association kinetics of
CIpS to ClpA6, we repeated the stopped-flow association experiments with full length
CIpA6 in the presence of ATP and an ATP regeneration system. We fixed the
concentration of CIpS* to 50 nM and in the second syringe had 500 nM of CIpA6 and
ATP regeneration mix. The components of the two syringes were mixed and association
of CIpS* was followed using fluorescence anisotropy as a function of time.
Unexpectedly, the trace for the association rate of CIpS* to CIpA6 in the presence of the
ATP mix resembled the traces obtained when using just the isolated CIpA N-domain
(ClpAN) (Figure A.5).
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Figure A.5. Traces for the Association rates of CIpS* to CIpA6 in the presence of the
non-hydrolyzable ATP analogue ATPyS (pink) or ATP Regeneration Mix (green).
One of the features that our model for N-end rule substrate delivery is that the
CIpS NTE is engaged by the CIpAP protease in an ATP dependent fashion, because
CIpAP is attempting to translocate CIpS. If this is true, the traces obtained for the
association of CIpS in the presence of of ATPyS vs ATP (Figure A.5) can be interpreted
as follows: when assembly occurs with ATPyS the ternary CIpAPS complex forms but
because no hydrolysable nucleotide is present, the CIpAP machine does not try to
translocate CIpS. Under these conditions, CIpS can dissociate from the N-domain of
CIpA and bind to another N-domain to make again the functional ternary complex. In
contrast, in the presence of ATP, the association trace reaches a plateau because the
adaptor is not only bound tightly to CIpA but also the NTE is being engaged by the pore,
thus there is an even more stable complex formed.
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CIpS substrate delivery mechanism involves pulling on the CIpS NTE by the
CIpAP machine
As mentioned previously, we speculate that N-end rule substrate delivery
includes the engagement of the CIpS NTE by the CIpA pore in order to transfer the
substrate so that it can be unfolded by CIpA and translocated into CIpP for degradation.
Several lines of evidence presented in chapter 4, suggest that the CIpS NTE can
interact with the CIpA pore. To further test our hypothesis we performed several
fluorescence resonance energy transfer (FRET) experiments between donor
fluorophores in the CIpP cavity and acceptor fluorophores in different CIpS variants
(Figure A.6). We purified and labeled an inactive variant of CIpP (with the active site
mutated to alanine, S97A, to abolish degradation, and F17 mutated to Cys for labeling)
with 5-(2-(acetamido)ehtylamino)naphthalene-1 -sulfonic acid (IAEDANS) probe. This
cysteine substitution in CIpP is located at the "neck" of CIpP right at the entry of the
protease chamber (Figure A.6). If the labeled CIpS NTE enters the CIpA pore and
reaches all the way down to the CIpA pore (reaching about 100 A is necessary to see a
FRET signal), a FRET signal should be generated.
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ClpSn5c-fl CIpSe96c-fl
Figure A.6 Schematic of the reagents used for the FRET experiments.
A) The CIpAP machine. Residues 17 in the CIpP monomers (purple) were mutated to
Cys (F17C) and labeled with EDANS (yellow). These residues are located in the neck
of the CIpP chamber. This variant of CIpP used is also catalytically inactive (S97A).
B) CIpS variants labeled at position 5 (at the NTE) or at position 96 (at the core of the
adaptor) with fluorescein which was used as acceptor in the FRET experiments.
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CIpP
Results and Discussion of the FRET Experiments
200 nM of ClpA6, 200nM of CIpPF17C-EDANS, and 2 mM ATPyS were
incubated for 2 minutes at room temperature and the emission spectrum was taken
upon excitation of the donor fluorophore at 336 nm. The emission spectrum of a variant
of CIpS labeled at position 5 of the NTE with fluorescein (ClpSN5C-fl (200 nM) and 2
mM ATPyS) was also taken upon excitation at 336 nm. The fluorescent signal of these
two independent spectrums was added to generate an "Addition Spectrum" (all gray
curves, Figure A.7) which corresponds to the accepted signal that would be obtained if
no FRET occurred. 200 nM of CIpSN5C-fluorescein was added to the mixture of 200
nM CIpAP-EDANS/ ATPyS and the emission spectrum was measured upon excitation
of the donor fluorophore. An increase in fluorescence was observed upon addition of
CipSN5C-fluorescein. The acceptor signal increased (Figure A.7, A, 525 nm peak)
showing that FRET was occurring between the acceptor (fluorescein) located in the
CIpS NTE and the donor (EDANS) located in the opening of the CIpP chamber. Further,
the donor signal decreased under the same conditions, as expected of true FRET.
On the other hand, if the acceptor fluorophore was located on the core of the
adaptor CIpS (CIpSE96C-fl) on the opposite face of the NTE (Figure A.6, B) no FRET
was singal was generated under indentical conditions (Figure A.7, B). Our FRET results
strongly suggest that the CIpS NTE is in very close proximity to the neck of the ClpP
chamber supporting our hypothesis of the NTE engagement by ClpA.
To determine whether the addition of N-end rule substrates affected the FRET
signal observed, we added 1pM of the N-end rule model substrate YLFVQ-127 in
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addition to the CIpSN5C-fluorescein to the mixture of CIpA6 , CIpPF17C-EDANS, and
ATPyS. Upon addition of CIpSN5C-fluorescein, FRET was observed (Figure A.7, C,
blue curve) but addition of YLFVQ-127 further enhanced the FRET signal (Figure A.7, C,
pink curve). To determine whether ATP hydrolysis alter the FRET signal obtained, we
repeated the same experiment in the presence of 0.5 mM ATP instead of ATPyS. As
expected, an increase in the FRET signal of the donor was obtained upon addition of
CIpSN5C-fluorescein to a mixture of CIpA6, CIpPF17C-EDANS, and ATP (Figure A.7, D,
blue curve). However, when this substrate was added, the FRET signal decreased to its
baseline value (Figure A.7, D pink curve).
These FRET experiments are still somewhat preliminary but they seem to be
promising for providing a useful readout on the molecular interactions involved in the
CIpS-stimulated N-end rule substrate delivery. One possible model consistent with
these data is that during the initial assembly of the CIpAPS-N-end rule substrate
complex, the CIpS NTE is engaged by ClpAP and can interact with the CIpA pore. Upon
"handing-off" the substrate, the CIpS NTE is released by ClpAP and moves away from
the pore. This hypothesis is consistent with our FRET results; we observed a decrease
in FRET signal upon addition of the N-end rule substrate only in the presence of ATP
that can be interpreted as the release of the CIpS NTE from CIpAP to start a new cycle
of substrate delivery.
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Figure A.7 FRET between donor labeled CIpP-EDANS and acceptor labeled CIpS-
fluorescein variants.
A) Addition of acceptor labeled CIpSn5c-fluorescein (200 nM) to a mixture of CIpAP-
EDANS/ATPyS (200 nM, 0.5 mM ATPyS, gray curve) generates a FRET signal (blue
curve).
B) If the acceptor labeled is moved to the core of CIpS (ClpSe96c-fluorescein) and
added to a mixture of CIpAP-EDANS/ATPyS (200 nM, 0.5 mM ATPyS, gray curve) no
FRET signal is generated (blue curve).
C) FRET signal is stimulated in the presence of N-end rule substrates when no
nucleotide hydrolysis takes place. Addition of acceptor labeled CipSn5c-fluorescein
(200 nM) to a mixture of CIpAP-EDANS/ATPyS (200 nM, 0.5 mM ATPyS, gray curve)
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generates a FRET signal (blue curve) and this signal increases upon addition of 1 pM of
the model N-end rule substrate YLFVQ-127.
D) FRET signal decreases to baseline in the presence of N-end rule substrates when
nucleotide hydrolysis takes place. Upon adding acceptor labeled CIpSn5c-fluorescein
(200 nM) to a mixture of CIpAP-EDANS/ATPyS (200 nM, ATP Regeneration Mix, gray
curve) a FRET signal is observed (blue curve) but this signal decreases upon addition
of 1 pM of the model N-end rule substrate YLFVQ-127.
Taken together, our results provide another piece of evidence that supports the idea
that CIpS is "an active adaptor". Based on current evidence, the transfer of the N-end
rule substrate from the CIpS binding pocket to the CIpA pore seems to require the
adaptor to be engaged by the machine; thus forming pairwise binding interactions is not
sufficient to enhance substrate delivery. The FRET experiments presented here is the
beginning of the elucidation of the "active" step of CIpS during the delivery of N-end rule
substrates.
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